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lAHR  WORKING  GROUP  ON  ICE  FORCES 


3RD  STATE  OF  THE  ART  REPORT  ON  ICE  FORCES 


PREFACE 

The  present  working  group  on  ice  forces  was  formed  in  Hamburg  at  the  last 
FAHR  Symposium  on  Ice  Problems,  in  August,  1984.  It  has  the  following 
members : 


Ian  Jordaan 
Mauri  Maattanen 
Don  Neve  I 
Timothy  Sanderson 
Dev  Sodhi 
f-ary  Tlmco 
Rene  Tinawi 
Vi  toon  Vi  vat  rat 
Rgon  Wessels 


(Canada) 

( Finland) 

(USA) 

(UK)  -  Chairman 
(USA) 

( Canada) 
(Canada) 

(USA) 

(West  Germany) 


Our  principal  responsibility  has  been  to  prepare  a  3rd  "State-of-the-Art” 
Report  on  Ice  Forces.  In  the  following  pages  this  is  presented. 


We  have  tried  wherever  possible  to  make  these  review  papers  rather  more 
than  simply  an  enumeration  and  summary  of  all  the  papers  ever  written  on 
a  topic.  After  all,  what  is  most  valuable  from  each  of  the  specialists 

i-ontributing  to  this  report,  is  a  selective  view  from  them  of  what  is 

right,  what  is  wrong;  what  is  good,  what  is  poor.  As  leading 
specialists  in  their  Individual  disciplines  they  should  be  best  placed  to 
cc.mmi.in  i  cate  to  the  rest  of  the  Ice  community  what  the  current  state  of 
olay  is  in  their  own  field:  where  the  work  is  leading,  which  blind 

alleys  Iiave  been  followed  on  the  way,  and  which  avenues  took  most 
fruitful  for  the  future.  If  any  of  us  have,  in  so  doing,  given  undue 

prominence  to  our  own  work,  I  apologise  on  our  behalf. 


This  year's  report  contains  contributions  on  a  wide  range  of  topics. 
Sodhi  and  Timeo  Iiave  provided  contributions  describing  1  ce- s t rue t u re 


interaction  processes,  based  largely  on  the  latest  advances  in  model  ice 
tank  experimentation.  This  ir.cludes  a  review  of  interaction  witii 
multiple-legged  structures.  A  theoretical  treatment  of  ice  failure 
processes  is  given  by  Hallam,  who  assesses  tlie  status  of  fracture- 
mechanical  descriptions  and  their  ability  to  explain  the  observed 
behaviour  of  ice.  In  doing  this  she  draws  on  a  range  of  literature  from 
tile  field  of  rock  mechanics,  which  is  important  to  ice  mechanics  but 
perliaps  not  as  well  known  to  us  as  it  sb.ould  be.  Jordaan  reviews,  for 
tlie  first  time  I  believe,  the  status  of  numerical  and  finite-element 
modelling  techniques  as  applied  to  ice-  On  the  more  practical  side, 
t^roasdale  and  Frederking  review  field  techniques  for  ice  force 
measurement.  A  review  of  iceberg  impact  forces  is  given  by  Nevel,  and  a 
treatment  of  iceberg  scouring  processes  by  Chari  and  Barrie-  Finally,  1 
myself  have  contributed  a  compil.a-ion  of  all  the  ice  indentation  data  I 
know  of,  putting  it  onto  one  single  (and  rath.,  r  crowded)  pressure-area 
curve-  Fressuro-,1  rea  curves  h.ave  been  produced  at  various  stages  during 
the  last  l-b  years,  but  there  nov«  exists  a  wide  range  of  important  data 
wiiicii  is  no  longer  projjr ietary,  and  this  is  plotted  for  the  first  time- 


I  very  mucii  regret  that  we  have  been  unable  t..)  iueJude  a  paper  from 
ban  ie  1  ewi  c.  z ,  Blanchet  and  .‘letge,  describing  the  tw(5  first  ilans  Island 
research  programmes.  During  these  Important  programmes,  full-scale 

forces  during  impact  of  multi-year  floes  were  directly  measured.  We  had 
hoped  to  include  the  first  public  rele.ise  of  these  data  in  this  velum.;., 
but  in  the  event  we  were  unable  to  secure  industry  authorisation  for 
early  release  of  the  data  from  the  1981  programme-  Nonetheless,  the 
results  of  the  1980  programme  are  now  available  pviblically  ( Da  i.  i  i‘ 1  ew  i  cz 
and  Metge,  1981,  APOA  Report  No-  180),  and  I  urge  all  of  you  who  ir.'  not 
already  .'ami  liar  with  it  to  refer  to  it-  Because  I  feel  that  these  data 
are  so  important  to  our  underst.indi  ng  of  full-seali;  interacion 


processes,  1  am  taking  the  liberty  ol  inc^luding  with  this  prc'l’ace  a  briel 
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Sheila  D.  Hallam 
Production  Engineer 


BP  Petroleum  Development  Ltd., 
Britannic  House,  >!oor  Lane, 
London.  EC2Y  9BTj 


England 


ABSTRACT 

The  force  exerted  by  moving  ice  on  an  offshore  /^ctic  structure  is 
frequently  described  by  a  creep  solution  such  as  the  reference  stress 
method  (Ponter  et  A1 ,  1983).  This  work  is  often  extrapolated  to  higher 
strain  rates  and  lower  temperature  regimes  where  the  creep  load  bearing 
capacity  of  the  material  is  never  reached  because  fracture  limits  the  ice 
load  bearing  capacity.  This  paper  considers  ttie  ideally  elastic  fracture 
limits  to  ice  forces  and  discusses  how  they  may  relate  to  the  maximum 
pressures  found  at  the  transition  from  ductile  to  brittle  failure. 

The  brittle  fracture  of  ice  under  multi-axial  stress  conditions  is 
considered  in  terms  of  the  nucleation  and  propagation  of  cracks.  Crack 
nucleation  was  found  to  dominate  tensile  failures  and  crack  propagation 
to  dominate  compressive  fracture  for  the  grain  sizes  found  in  sea  ice. 

Indentation  fracture  mechanisms  of  crushing,  spalling,  and  radial  and 
circumferential  cracking  are  examined.  Local  loads  were  found  to  be 
dominated  by  changes  in  the  failure  mechanism  whereas  the  global  load 
depends  on  circumferential  flexural  fractures. 


Peak  loads  on  structures  will  occur  at  the  transition  from  creep  to 
brittle  behaviour.  The  relationship  between  this  maximum  and  the  brittle 
strength  are  discussed  for  nucleation  and  propagation  controlled 
failures. 


a*. 


The  fracture  streii,cth  .if  i  'c  It  cere  .-ic.il.-  lei'eiideiit  (SanJefTOii,  Ihrio;'. 
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effects  discussed. 


FRACTURE  UNDER  UNIFORM  STRESS  STATES 


2.1  Uniaxial  Tensile  Fractuia- 
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If  t'  crack  propagation  stress  is  e-.vee.l"d  b.jfort.’  tiie  err..'  nuc  it  i  o: 
stress  tlien  failure  is  govriUie.!  b  /  Linr  itri..''-r  •  >  riK'KrUe  a  cri,',c  m!  ili', 
failure  is  eery  brittlt'.  If,  si  tu.’  oiier  uuul,  tlic  stress  to  cncl'-i'. 
cracks  occ.irs  before  the  st;'-.'.;  ■  ■  ■■rc.pa.Mti-  Liieni,  tiie  !ailc,i  i.e  r !  I  ; 
■ontain  manv  cracks  and  wi  1  I  apt-ear  to  sliow  s-rno  ductiii'  .  whici  i  i  .im 
eiUireiv  to  tile  redir-- 1  i -'u  ;  r,  -  t  i  :  1  ;  ■  <  ■  ,t  c.aiise.l  !iy  -Tirk  n  i  ic  ;  e  i  L  i  ■ .  1 .  '■  i  na  1 


f  .1  i  1  n  r '■  in  this 


..;o'.  .•  rut  .1 


■  iM.'iv  or.  '-r.it  1 1  i  s  t 


iil  ti.e  -  -ise  oi  i  re  .ith  r  r  e  *e  ■:  i  S  t  liu;  fl-iws  i'  Lr  - .  a  1  I  ;u- 


C  Jiui  1  t  !. '  Cl  t  M  I  is  t.  e. 


I  i  !  r  ir  W  '  !  ■  hf  Vr  r  h  t  i  L  L  K  . 


2.1.1  Crack  Nvicleat  ion 


■i  '  r  1  •  '  It  1  ■ 


!»■  1 1  .1  r*  ■  1 


s'lilly  const  riK  tt.l  eery  r-irelnl  'y  su-  1  tin 


the.-  (fi.’-i;-;  ic-  initial  tl.aws.  This  may  also  hi-  tin'  ‘iiiu-itirn  j  ii  tlu 
tie]  !  -w',.-;..  I  ;  HW-  Will  tein‘  i.i  heal  Olid  hlu"l  in  tiille.  In  tlie>'  .nse' 
the  c,  1-'  ;  .  ■  1 '  i  I  c  .  .nd  i  t  i  '  r  I  is  i  mi.o  r  t  a  n  !  . 


ii 


I 


mu'  ;  I'.t  L  1 1  ip.  is  hciii'Vt^l  [ii  ri-su'l  t  rM".  sirpss  s  ‘ipppl  r  ir  ;  ^mi;;  i  o 

>iislopsLion  pill'  up  it  p.r-iiii  s.  Sinim  h.is  ti.-l.tti’d  .'f.ick 

:iac  1  Pit  ipp  til  1  i-ritii'i]  dl  tlu‘  di-l.iv'd  pi  istip  ptriin.  !t  ihis  is 

Lae  e.i'ie,  Laea  il  veis  h  i  pi:  s;i  lin  rit.s  aal  ;  ;  e:npi  fiti.fim  I’le  -it  res-, 
t  '  nu'le.iLe  L 'ao  rraeks  is  uili'nii.’.l  ( S  i  ude  r  s- 'P.  e’d  alii  Id,  i98d).  '!"h  e 

I'.iga  straii  riLe  reimi’e  iiLa  'if  tlavvkr  s  m.d.  ‘'lei  lor  1  9  7  ;  and  dieael 
(i'frs'i  cleat'Ly  siuiw  Lhal  tdier.'  is  '  li-nit  (■'  the  :  'isil--  iiirem;!!'  and 
this  'ii’iiilies  ihat  e  r  u.  i- ‘1  I.-  iad.'i-d  nn.leite  al  Iiipa  sirai  i  rites. 

So  r.j;- i  an;;  imi  Sli  y.i;:'.  '■in;.-'  ’ mddi;  P'l'ap-is.-  an  . :  1  :  r  i :  a  I  i  v  i  ei'ank 

' :  nr  1  e  1 1  i  I  ■  n  e  r  i  L .  r  i  on  isli  i  h  i  r.  in  o  i  me  ay  rt'  er;.-  ii'  La  S  i  >  1 1  i  '  -  .  :>a  ■ .  '  L  i  i 

i'iyh  strain  lates.  ■nie\  aLlrlbsiU  oraei  iui<  laati'at  la  i  riii  'il  lansil.' 


;  t  r  a  ;  n  , 


hi  in  taiiasi-..  ;  te'i'.  i  '0  .it  hi,'!!  st''a:a  r  i ' 


.1  ra  ,  .  1  s  L  hi'  I'  r  i.;k  a  ar  :  i-i  i  '  ,n  l  an--,  M  e  s  t  ra-.'- 

a . 


s  hpi!''  ’’I  and  'Ihers  1  Vris  1  aiid  .an  saraii'  ai  iiiVi.  aaadiicLed 

'  .  t  • '  a  ■>  ! '.n  ■  lei'i-.j'ie  tests  or,  i  ■  ■  .t  '■  i  r  i  n-  n.rai  i  s: /.•■■■;.  ih..  ir  results  tor 

iiriiLlt'  str.'in  rates  ('yteiti-.  t’-.,',  In'  ’’’si  ,ire  nri.ist.-iU  e,!  in  d  ami 

■diO'V  a  d  e  [10  nd  e  r.a  a  rm  tdi.-  ar..;"  d.  '.'he  olased  s'-rihals  refer  to 

eaiai-:  i  laa.  i  i.-ia  !  i  on  stress";  a,,:  'h-  'iiia  ■.y.iDii''.  t  ■  i  i  i‘ lek  pi'' '  pr  o',a  t  i  oil 

t  r .  a,  s  .  lilts  d  a  pt.- iidi"i(' on  '  fa  i  :  i  re  iia'i  liairii  p  iie  s  l  i  a  ne'd  i  ii  I.he 

litarati't'e  (SirdiH,  '98d)  hi'  Si'liiil-:  in  (la:-,..)  ,!  I.' ]■ , '  '.Us  thesi..  f'^oilts. 

I'ldr'eJ  if  Vi:'  Oiiiisult  a  el  ';si"  'tael. ire  !'■  r  ,na!'  a^  ni'kr.  a:ii,l  V,' i  I '■  h  a  v-’ 

(1973;  tins  alisria  ,;,rn  .  'mi-  d'-i  en.ieaaa  in  ar.mt  nmle'ition  is 

n  :)  f!  1  a.  L  .  I  111 '  1  I  ;d  i  a;;  Ini';  r  i  '  i  ■  ■  i  /e  ■  1 1  ■ ;  le  i  i  i  ■  e  ■  i !  ■  ’hi’  ■  r  1  t  i  a .  i  !  s  L  r .  •  i  a 
appro  i"h  y  i  '.ms: 


i-roiii  I 
t'-i  hi'i 


■til hi  I 


1 1  1  : ;  .  I  s  t  s  I  |-  1 


1.1  t  n .  a  on  s  t 1 1 


.  '  '  '  , 


I 


m 


--.-r.  y  W-.  ^ . -r,  <r,  v,  A -r,  r.  .r,  ,r..- - 


A  V 


2.1.2  Crack  Propagation  From  an  Existing  Flaw 


riie  propav;  It  i  VI  from  flaws  is  now  well  understood  (see,  for  example, 
oiiotr,  197  3).  The  result  for  tlie  propagation  of  a  crack  of  length  2a 
orieitaled  pe rpend i v ul a r  to  a  uniform  tensile  stress  is 

'a)  (3) 

wtiere  is  the  'uaterial  property  called  fracture  toughness  which,  for 

ic<‘,  is  approximately  0.113  MPa  »''m  .  A  more  general  form  of  the  tensile 
traotute  stress  would  be: 

J.  =  V  '■  .  (na)  .f  (J)  (4) 

wtiL-re  Y  is  1  fiiietlon  of  the  geometry  of  the  loaded  sample  and  f(  o)  is  a 
fu'U'tii'n  or  tile  crack  orientation.  For  a  material  coritainlng  a 
population  of  cracks  tiie  failure  will  occur  at  tlie  weakest  link,  that  is, 
tlie  flaw  it  whicli  tlie  fracture  stress  o^(  F.qua  t  ion  4)  is  the  lowest. 

In  the  case  where  cracks  have  nucleated  in  the  manner  described 
p-revlously,  the  length  of  the  cracks  is  related  to  the  grain  size 
I'Scliulsoii  and  others  1984,  and  open  symbols  Fig.  2)  giving  the  simple 
tensile  crick  pr'opagation  criterion: 

=  0.U44  /  v“d  MPa  (5) 

i 

rile  piroposed  tensile  crack  nucleation  and  propagation  stresses  (Equations 
7  and  oi  ,is  a  function  of  grain  size  are  presented  in  Fig.  3- 

2 . 2  Uniaxial  Compressive  Failure 

hi' i. I'M  il  coinpressive  fracture  can  be  considered  in  a  similar  way  to  the 
'tnsilv  ftaciiire  criterion.  The  necessary  conditions  for  brittle 
:rici_,ir.-  in  an  unvracked  sample  in  compression  are: 

1  1  crack  nucleation  -  similar  to  tlie  tensile  process 

^7)  crack  propagation  to  failure  -  the  extension  of  a  crack  in 

u"  ■  ixial  ((impression  is  stable  and  tlius  increasing  loads  are 

b 


required  Co  make  a  crack  extend.  A  crack  must  extend  until  it 


idles  free  surfaces  or  until  it  interacts  with  other  cracks, 


producing  an  Instability. 


Depending  on  the  relative  stress  levels  required  Co  nucleate  and  extend  a 
flaw,  different  types  of  fracture  will  occur  that  are  analogous  to  tlie 
brittle  and  pseudo-ductile  failures  observed  in  tension.  When  pre¬ 
existing  flaws  are  present,  they  need  only  satisfy  condition  (2). 


2.2.1  Crack  Nucleatlon 


Compressive  crack  nucleatlon  stresses  at  high  strain  rates  have  not  been 


studied  in  detail 


The  onset  of  crack  nucleatlon  is  seen  as  a  small 


yield  point  on  the  stress-strain  curve  but  its  position  becomes  less  well 
defined  at  higher  strain  rates  (see  for  example  Mellor  and  Cole,  1982). 
If  we  follow  the  critical  tensile  stress  hypothesis  of  Seng-Kiong  and 
Shyara  Sunder  (1981),  cracks  will  form  when  the  lateral  tensile  strain 
induced  by  the  Poisson  expansion  reaches  the  critical  level  defined  in 
Equation  (2).  Thus,  with  Poisson's  ratio  v  =  0.3, 


=  5.7  X  10  ^  — 

—  /d 


a  =  1 .39  + 
nc 


0.082 


According  to  this,  the  stress  required  to  nucleate  a  crack  in  compression 
is  approximately  three  times  that  in  tension  in  the  brittle  regime.  It 
is  reassuring  to  compare  this  with  the  apparent  maximum  sttess  to  form 
the  first  crack  observed  in  creep  tests  by  Gold  and  reproduced  in  Slntia 
(  1  982).  For  columnar  ice  of  grain  size  4.5  mm  the  limiting  stress  to 
first  cracks  at  high  strain  rates  is  approximately  2  MPa  compared  with 
2.6  MPa  predicted  by  equation  (6).  The  low  value  of  the  initiation 


stress  may  be  because  of  the  crystal  structure  or  because  of  the  method 


of  defining  grain  size. 


2.2.2  Crack  Propagation  and  Linkage 


The  stress  to  propagate  a  crack  in  compression  is  substant  ial  Iv  liiglu  r 


tiian  tliat  in  tension  and  ttv?  cracks  will  normal  Iv  necleate  long  heioio 


mzr  x:r 


final  failure  in  compression.  Fig.  4a  shows  a  simmary  of  the  compressive 
stress  data  for  strain  rates  exceeding  10  /s  plotted  against 
temperature.  The  data  are  highly  temperature  sensitive  although  they  are 
insensitive  to  strain  rate  (Fig.  1).  Fig.  4b  shows  the  same  data 
normalised  by  This  brings  the  columnar  data  into  very  close 


agreement.  This  poses  the  following  empirical  equation  for  compressive 


fracture  propagation: 


(a  -  A6) 
o 


where 


0.14  MPa 


0.017 


Temperature  (°C) 
grain  size  (m) 


The  equations  for  compressive  crack  nucleatlon  and  propagation  are 
plotted  in  Fig.  5.  In  the  compressive  case  it  is  crack  extension  rather 
than  crack  nucleatlon  which  governs  compressive  fracture  except  at 
exceptionally  large  grain  sizes  and  at  temperatures  close  to  0°C. 
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FIGURE  5 


Proposed  Corrpressive  Brittle  Fracture  Nucleatlon  and  Linkage 
Conditions  at  Various  Temperatures  as  a  Function  of  the 


Grain  Size. 
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'  c  ( 1  -  A )  ^  d 


w'nere  f(L.*) 


3/'’ 

L*  .  ~0.58' 


4.33 


(1+L*) 


(10) 


which  effectively  normalises  the  compressive  strengths  by  the  squ.ire  root 
of  grain  si/.e.  If  we  now  compare  the  theoretic.il  liquation  (,9)  with  the 
empirical  F.qu.ition  (b)  we  see  (hat; 


f([*)  /  (I",,.)  =  3.18  -  0.39  ,1 


ind  t  i'lus  wo  ire  d  r.iwn  to  the  conclusion  tli.it  tiie  .'f  t  lie 
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1  m  p 


=  O.dd)  and 


-0.3  9 
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i  I 


The  fracture  criterion  can  now  be  extended  to  the  general  stress  state. 


2.3.1  Crack  Nucleatlon 


This  criterion  can  be  extended  to  the  general  multi-axial  stress  state. 


c  =  a.  /E  -  VO-  /E-vo,/E 
n  3  2  1 


where  o^,  o^  and  are  the  minimum  intermediate  and  maximum  principal 


tensile  stresses  and  t  is  the  critical  tensile  strain  (Equation  (2)). 

n 


The  crack  nucleatlon  surfaces  are  illustrated  for  two  common  stress 


states  in  Fig.  7. 


2.3.2  Crack  Propagation 


If  a  crack  is  subjected  to  confining  pressure  in  addition  to  the 
principal  compressive  stress  this  severely  inhibits  crack  growth.  The 
modified  version  of  equation  (3)  to  account  for  confining  pressure  is 


/  (ira) 


(1+L)  ' 

fi-X-u  (T+A)  -  4.33  AlT"  L  0.58  , 

14.33"^  k  J 

(1+L)^ 


where  0^  is  the  confining  pressure  or  the  least  compressive  stress  and  A 


Ls  the  ratio  0^/0^^.  The  corresponding  crack  interaction  equation  is 


obtained  by  substituting  L  =  L*.  Using  the  tensile  crack  propagation 


equation  5  and  the  empirical  equations  (12)  gives: 


_ ^0^044  _x  _3 . 18 _ 

/d  jl-A-p(l  +  A)-2.25A  " 


where 


_ -0.39  9 _ 

*3.18  -  0.39  0 


This  is  only  valid  when  cracks  are  'closed'  under  compressive  normal 
loading  '.nd  the  stress  to  propagate  a  crack  is  more  than  the  stress  to 
initiate  a  crack  (L*=0) .  The  full  solution  involving  open  cracks 
involves  a  numerical  step  (Cooksley,  1984)  but  an  approximation  to  the 


solution  is  to  truncate  tlie  fracture  propagation  surface  with  the 
fracture  initiation  surface: 


q._07_59^ _ 

1  .'d  (1-a-u(1  +  a)) 


where  iriitiaturn 

surface 

in  turn 

m 

f  rac  ture 

surface: 

3^  =  0.044/  *'d 


Examples  of  fracture  propagation  surfaces  normalised  by  d  and 

temperatures  of  0°,  -10°  and  -10°C  are  siiown  in  Fig.  8  for  plane  stress 
and  axisymmetric  loading. 

2.3.3  Post  Failure  Strength 

After  tiie  ice  has  fractured  in  compression,  the  crushed  ice  can  still 
carry  load.  lliis  is  perhaps  best  modelled  by  a  Mohr-Coulomb  frictional 
solution  (Fransson  and  Sandkvlst,  1985).  The  Mohr-Coulomb  failure 
criterion  can  be  expressed  by; 

0  +  S 

.L _  -  f  _  L-t-liili  n 

S  ^  1  -  sin, 

where  S  =  c  cot  y 

c  and  ;  are  the  cotiesive  strength  and  the  friction  angle.  Fransson  and 
Aandkvist  found  that  for  fine  ice  the  cohesive  strength  was  so  small 
ihat,  for  our  purposes,  it  can  be  <:onsidered  negligible  and  that 
y  =  14°.  This  gives: 

=  f  =  1.6  (19) 

"3 

It  Is  likely  that  tlMs  value  will  Increase  with  decreasing  temperature. 
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INDENTATION  FRACTURE 


Tvo  distinct  types  of  indentation  can  be  identified. 


2— dine as Iona I  ladeatattoa  -  (Fig.  9a)  in  which  indentation  occurs 


over  the  full  thickness  of  the  ice  sheet  and  ttie  stress  is 


biaxial . 


3-diBensloaal  indentation  -  (Fig.  9b)  in  which  a  1  ini  ted  extent 


of  the  thickness  is  indented.  In  this  case  the  stress  state  is 


trlaxlal. 


The  first  type  is  important  in  defining  the  global  or  total  load  on  a 
structure  and  the  second  in  defining  the  panel  or  local  load. 


FIGURE  9  Classification  of  Indentation 

(a)  Typs  I,  2-Dirnens ioKjl  Indentation 

(b)  Type  II,  3-Dirrensional  Indentation. 


Tne  failure  of  ice  can  also  be  divided  into  two  broad  categories: 


In-plane  failure  -  where  the  ice  once  fractured  is  not  cleared 


from  under  the  indentor. 


Out-of-plane  failure  -  where  the  ice  sheet  may  deform  or  rotate 


out  of  the  plane  of  the  ice  sheet. 


In  plane  failure  is  likely  to  be  dominant  when  failure  is  over  areas 
small,  compared  with  the  ice  thickness.  Out  of  plane  failures  can  occur 
at  larger  ratios  of  contact  width  to  Ice  thickness. 


1 


3.1 


la-Plaae  Crushtag  Failure 


There  are  many  pieces  of  work  dealing  with  an  elastic/plastic 
indentation,  but,  in  the  case  of  ice,  an  increase  in  velocity  will 
correspond  to  an  increase  in  the  yield  strength.  Perhaps  the  only  truly 
brittle  approach  is  of  the  type  proposed  by  Ladanyi  (1967).  He  considers 
the  expansion  of  a  cylinder  and  a  sphere  in  an  elastic/brittle  material 
which  can  be  used  to  give  the  solution  to  the  type  I  and  type  II 
Indentation  problem.  Fig.  10  illustrates  the  analysis.  The  zone 
Immediately  around  the  indentor  is  crushed  but  can  carry  load  because  of 
its  frictional  properties  (Section  2.3.3).  The  zone  far  from  the 
indentor  is  intact  and  behaves  as  an  ideal  elastic  solid.  In  the  absence 
of  radial  cracks  (Fig.  10b)  the  extent  of  the  crushed  zone  depends  on  the 
triaxial  compressive  strength  of  the  material  (Ladanyi  uses  an  empirical 
fracture  criterion  developed  by  Fairhurst,  1964).  For  materials  with  a 
low  ratio  of  uniaxial  compressive  to  tensile  strength  radial  cracks  may 
form  (Fig.  10a)  when  the  circumferential  stress  exceeds  the  tensile 
strength.  The  material  between  the  cracks  then  crushes  in  uniaxial 
compression. 


FIGURE  10  Cavity  Expansion  Model 

(a)  'xith  Radial  Cnaek  Formation 
!b)  without  Radial  Cranks. 


3.1.1  2-d imens lonal  Indentation 

Ttic  maximvim  pressure,  P,  for  expansion  of  a  cylindrical  cavity  in  plane 
strain  from  t)ie  work  of  Ladanyi  (1967)  is: 
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4.8)) 


radial  cracks  ( c  /o 


-  ■  i+  vK  i  -  V  )ln  ( 

-  F  ‘  -  a  i 


a  V 


(20) 


where  h  =  — 

2  r 


h'i  t  idu  L  radial  cracks  ('''.,^  ‘I,.  4,83) 


2(1  +  c),3  G 


av 


(21) 


1  ~  1 

wiiere  d  =  '3~-' 

2  t 


a  ad  G 


0.25(n-l)'- ;* 


litre  ^  is  an  average  vo'ume  strain  in  tlie  crushed  zone  during  cavity 

expansion.  Due  to  ignorance  c  is  normally  assumed  to  be  zero, 

av  ^ 


rig.  I  la  shows  the  theoretical  indentation  pressure  (normalised  by  the 
grain  size)  for  2 -d imens i onal  Ice  indeittation  using  the  uniaxial  tensile 
ind  compressive  propagation  strengths  (Equations  5  and  7)  and  f  =  1.6 
(Equation  19).  The  graph  predicts  an  increasing  indentation  pressure 
witti  decreasing  tetuperaturc  with  a  step  change  at  -1.8°C  when  the  first 
radial  craciis  I'or.t,  ilie  ah^iolnte  magnitude  of  the  theoretical  pressures 
,iP  ■;ery  sensitive  Cw  tiie  f  r  i  t ^  I  ona  1  properties  of  the  crushed  ice. 
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so  the  larger  a  structure  the  easier  it  Is  to  propagate  radial  cracks. 

Radial  and  Circumferential  Cracks 

Once  radial  cracks  have  formed,  the  Ice  between  radial  cracks  can  be 
analysed  as  a  beam  and  the  stress  to  cause  flexural  fracture  can  be 
investigated.  Wlerzblcki  (1985)  investigated  the  failure  of  a  beam 
containing  a  crack  of  length  a  loaded  by  a  force  acting  at  one  edge  of 
tlie  ice  sheet.  He  found  that  the  average  stress  to  fracture  was: 
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IC 


/a  (3Ym-Yp) 


(26) 


where  Yra  =  1.99  -  2.47(a/t)  +.  .  . 
and  Yp  =  1.99  -  0.41(a/t)  +. .  . 

If  a  <<  t  this  reduces  to  =  0.09/  /a  MPa  (using  =  .115  MPa  /m 

and  a  is  measured  in  metres. 

A  more  general  solution  is  to  assume  that  the  stress  acts  at  an 
eccentricity  e  from  the  centroidal  axis  yielding  a  stress 
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IC 


f  7'a  (6Ym  e7t  -  Yp) 


0.115 

1.99  Tneeh-i) 


(27) 


An  alternative  approach  is  to  assume  that  there  is  no  pre-existing  crack 
but,  under  the  applied  bending  moment,  failure  occurs  by  crack  nucleation 
and  that  the  crack,  when  initiated,  has  sufficient  energy  to  propagate 
right  through  the  ice  sheet.  Subtracting  the  average  compressive  stress 
from  the  surface  bending  tensile  stress  produced  by  the  bending  moment 
and  equating  to  the  crack  nucleation  condition  (Equation  2)  gives: 


f 


0.51  +  0.03/  /d 
(6e/t-l ) 


(28) 


This  approach  has  the  advantage  that  the  presence  of  pre-existing  cracks 
does  not  have  to  be  assumed.  We  have  shown  that  for  the  typical  grain 
sizes  in  the  field,  tensile  fracture  occurs  by  crack  nucleation  and  not 
crack  propagation. 

A  study  of  the  circumferential  and  radial  cracking  failure  data  of  Timeo 
(1986)  (Fig.  12)  shows  that  the  stress  for  circumferential  cracking  is 
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distance,  which  governs  spall  formation  and  the  associated  stress  level 
Is  that  for  crashing.  Fig.  14  also  shows  the  crushing  data  points  which 
occur  at  essentially  the  same  stress  levels  as  those  points  where 
spalling  occurred. 

Obviously,  we  can  conclude  that  the  understanding  of  spalling  failure  and 
how  it  may  limit  ice  forces  Is  far  from  complete,  however,  the  Importance 
of  spalling  failure  on  the  scale  of  a  structure  may  not  be  Important  as 
flexural  failures  are  likely  to  dominate  the  load. 

3.2.2  3-Dlaensloiial  IndentaCloa 

In  this  case,  the  contribution  to  load  reduction  that  non-slmultaneous 
failure  can  make  Is  negligible.  This  is  because  the  fractured  Ice  has 
great  difficulty  in  clearing  from  under  the  Indentor.  However,  In  the 
field,  the  thickness  of  the  Ice  may  limit  the  maximum  local  Indentation 
load.  This  is  because  radial  cracks  could  reach  the  surface  of  the  Ice 
allowing  large  flakes  to  spall  away.  As  this  process  would  repeat  Itself 
the  high  indentation  crushing  pressures  would  never  be  developed  across 
the  entire  ice  thickness.  The  types  of  radial  cracks  which  may  form  are 
summarised  below; 

Hertzian  Cone 


This  is  the  classic  Indentation  under  a  blunt  Indentor  such  as  a  ball  In 
very  brittle  materials  and  Is  summarised  In  Lawn  and  Marshall  (1984). 
The  first  stage  is  the  formation  of  a  ring  crack  under  the  Indentor  which 
propagates  to  form  a  cone  shaped  crack  as  illustrated  In  Fig.  15a.  The 
critical  load  for  cone  Initiation  Is 

F  =  Ar  /F 

where  F.  is  Young's  Modulus,  A  is  a  dimensionless  constant,  is  the 

fracture  toughness  and  r  is  the  radius  of  the  sphere.  Tills  is  not 
dependent  on  the  starting  flaw  size.  This  has  aroused  much  interest 
becaiisi'  combined  with  the  Hertzian  stress  relation  (j  ^  F/r')  ,  it 

implies  a  size  effect  on  critical  stress  level  to  initiate  the  cone  of 
1  /  r . 
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FIGURE  15  3-Dimnsional  Indentation  CmcJc  System 

(a)  The  Hertzian  Cone  and 

(b)  The  Median/ Radial  Crack  System. 


The  growth  of  the  cone  crack  follows  a  law  of  the  form 


Be 


3/2 


^IC 


where  c  is  the  crack  size  and  B  is  a  dimensionless  constant. 


Median  and  Lateral  Cracks 


Under  sharp  indentors  and  In  less  brittle  materials  localised  zones  of 
plastic  deformation  (or  crushed  zones)  occur  and  a  penny  shaped  crack, 
called  a  median  crack  may  form  Immediately  under  the  indentor  tip 
(Fig.  1 5b).  On  unloading  this  may  extend  up  to  the  surface  to  form 
radial  cracks.  These  are  of  lesser  importance  as  we  are  concerned  with 
maximum  loads  on  loading.  The  median  crack  grows  according  to  a  similar 
law  to  the  Hertzian  cone 


3/2 

Cc  '  K 


IC 


Spalling 


In  both  the  above  cases  there  Is  a  crack  growth  process  where 
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3/2 
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(34) 
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If  we  consider  these  cracks  radiating  from  the  indentation  to  the  surface 
it  seems  reasonable  that  when  the  cracks  have  extended  to  some  critical 
multiple  of  the  ice  thickness  a  block  will  break  away  and  thus  limit  the 
load  Thus 


where  I  is  a  constant.  This  might  reduce  the  average  pressure  on  an 
Indentation  In  the  same  way  as  the  2-d  Imens  ional  spalling  leading  to  an 
average  stress  for  spalling  of; 

=  (36) 

where  ')  is  the  diameter  of  the  indentation.  For  large  contact  areas  non- 
si  mul  t  aneous  failure  would  presumably  occur  with  Fg  being  the  force  on  a 
single  contact  ,'one . 

4.  FRACTURE  SCALING  LAWS 


The  indentation  pressure  of  ice  shows  pronounced  scale-effects.  A 
substantial  amount  of  the  published  data  is  presented  in  Sanderson  (1986) 
on  axes  of  log  pressure  against  log  contact  area  and  log  aspect  ratio  and 
shows  how  peak  pressures  vary  as  the  Inverse  square  root  of  contact  area 
with  some  dependence  on  aspect  ratio.  The  origin  of  the  scale  effects  Is 
elusive  and  many  suggestions  have  been  offered: 

(i)  Statistical  effects  of  flaw  distributions 

(li)  Geometric  scaling  of  flaws 

(Hi)  Non-slraultaneous  failure 

(iv)  Change  of  fracture  mechanisms 

The  influence  of  the  first  three  have  been  discussed  In  some  detail  In 
Sanderson's  paper  so  here  we  will  concentrate  on  the  last  point. 

At  small  scale,  the  pressure  area  relationship  can  be  reproduced  for  Ice 
of  roughly  constant  thickness  but  the  origin  lies  In  changes  of  fracture 
mechanism  Induced  by  Increasing  the  aspect  ratio.  If  a  large  amount  of 


data  Is  plotted  as  In  Sanderson  (1986)  these  trends  of  decreasing 
pressure  with  aspect  ratio  can  be  lost  due  to  the  superposition  of  tests 


with  a  wide  variety  of  ice  thicknesses  from  of  order  1  mm  to  of  order 
1  m,  in  which  the  only  upper  limit  Is  the  crushing  strength. 


At  large  scale  (and  hence  large  aspect  ratios)  the  radial  and 
circumferential  failure  should  doralnate  the  load.  The  load  for 
circumferential  cracking  is  Independent  of  ice  thickness  and  probably 

independent  of  structure  diameter.  If  we  assume  a  typical  grain  size 
perpendicular  to  the  lower  surface  in  the  field  of  50  mm  from  Equation 
(29)  the  flexural  pressure  is  2.0  MPa.  For  very  large  aspect  ratios  non- 
s  i.nul  taneous  failure  can  occur  which  reduces  the  average  stress  in  a 

statistical  fashion.  2  MPa  will  now  be  the  stress  to  fall  an  individual 
zone,  which  will  fail  over  the  entire  ice  thickness  and  over  a  width 

related  to  the  spacing  of  the  radial  cracks. 

5.  THE  CREEP  FRACTURE  TRANSITION 

All  the  results  so  far  have  looked  for  the  truly  brittle  solution,  that 
is,  when  strain  rates  are  sufficiently  high  that  plasticity  does  not 
influence  the  strength.  In  reality,  the  stress  at  the  transition  from 
ductile  to  brittle  behaviour  may  be  higher  than  the  brittle  fracture 

stress.  This  peak  is  seen  in  uniaxial  compression  but  not  in  uniaxial 
tension  (Fig.  I ) . 

In  uniaxial  tension,  failure  (depending  on  grain  size)  is  dependent  on 

the  nucleation  of  cracks.  At  the  moment  of  nucleatlon  the  cracks  are 
sharp  and  ideal  linear  elastic  fracture  mechanics  is  applicable.  In 
ompression  cracks  nucleate  long  before  failure  which  is  propagation 

controlled.  The  creep  field  will  blunt  flaws  and  cause  an  apparent 
Increase  in  the  fracture  toughness,  until  the  ice  fails  by  nett  section 
creep.  It  seems  likely  that  there  is  a  simple  relation  between  the  peak 
stress  and  the  brittle  stress.  Carter  (1972)  showed  that  its  compression 
peak  stress  was  approximately  1.7  times  the  brittle  strength  for  a  wide 
range  of  temperatures. 

In  other,  more  complicated,  stress  states  we  may  postulate  that  if  the 
fracture  is  controlled  by  crack  nucleation  (such  as  Inflexlve)  the  stress 

within  the  creep  field  has  only  to  exceed  the  nucleation  condition 

whereas,  when  propagation  controlled  (such  as  in  indentation  crushing), 
tlie  stress  .nay  need  to  be  Increased  by  a  factor  of  1.7  to  account  for  the 
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crack  blunting  process. 


If  progress  can  be  made  in  the  understanding  of  the  transition  from  nett 

section  creep  to  fracture  It  will  give  a  simple  way  to  convert  a  fracture 

limit  to  a  peak  pressure. 

6.  CONCLUSIONS  AND  RECOMMENDATIONS 

1.  The  maximum  force  that  can  be  exerted  on  a  structure  is  limited  by 
f  racture . 

2.  For  the  large  grain  sizes  present  in  sea-ice,  tensile  failure  will 
be  governed  by  the  nucleatton  of  cracks  if  there  are  no  sharp  pre¬ 
existing  flaws. 

3.  Compressive  Fracture  will  be  limited  by  crack  propagation  and 
linkage  except  at  temperatures  close  to  0°C. 

4.  When  the  failure  is  dominated  by  the  nucleation  of  cracks  then  the 
maximum  pressure  occurs  when  the  critical  strain  condition  is 
exceeded  within  the  creep  field. 

5.  When  the  failure  is  dominated  by  the  propagation  of  cracks  then  the 

peak  stress  will  occur  at  the  creep/fracture  tra' 5ltion  and  is 

likely  to  be  of  order  1.7  times  the  brittle  value. 

6.  Local  loads  on  structures  will  be  dominated  by  the  local  crushing 

problem  and  its  interaction  with  spalling.  This  requires 

substantial  Investigation. 

7.  Global  loads  on  structures  will  be  dominated  by  circumferential 

(flexural)  fractures  and,  for  large  aspect  ratios,  non-s Imul taneous 
failure. 
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The  determination  of  the  forces  which  an  ice  sheet  can  exert  on  a  multi¬ 
legged  structure  has  received  very  little  attention.  This,  in  spite  of  the 
importance  of  these  types  of  structures  as  docks  and  drilling  platforms 
(both  fixed  and  floating).  In  this  paper,  the  types  and  origins  of  these 
forces  are  reviewed.  This  is  done  by  assuming  a  typical  platform  design 
and  determining  both  the  total  horizontal  and  vertical  forces  due  to  moving 
ice.  The  results  of  model  tests  are  reviewed  to  give  insight  into  the 
interaction  and  influence  of  the  multiple  legs  on  the  total  force  on  the 
structure.  Finally,  a  brief  annotated  listing  is  given  of  the  reported 
results  of  ice  interacting  with  full  scale  platforms  and  bridge  piers. 
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1.0  Introduction 


T!i‘  I'-^terac'.  I ':-i  ot  ic(>  with  rigid  structures  is  a  complex  [.hen'-'menon  in 
w-'i'.-'h  iny  tle'cc'is  are  involved.  Depending  on  the  aeometry  and  iciteraction 
r.iL",  jr.  ■  op.v  '  i  combination  of  failure  modes  can  ixicur  for  the  ice,  and 
!.r-.ih.  i;  v-ir.s  t;,e  load  cn  the  structure.  In  general,  the  I'.iaamtude  of  tr.e 

d)  ill  d'-ot  rida  'c;ion  the  size  and  geometry  ot  the  structure,  size  anc  geometry 
of  the  !  ge  r  •atjreo,  rechanical  properties  of  the  ice,  ti.f:-  rate  of  'lOVe^'-ent 
betwe':;-.  tn-}  ice  and  the  structure,  rigidity  of  the  structure,  failure  i,o<?e 
induce, i  in  the  ice,  environmental  driving  forces,  decree  of  continuity  le- 
twep  !  the  iCe-  ,.irid  the  structure,  anci  inertial  efff.''ts  in  I'-'ith  ice  <,r.d 
1  r  u  a  t  a  r  e.  because  of  this  complexity,  fvredictions  of  the  n-e  leads  on 
eueu  tne  ti'Ct  uiv, u'le-shaped  structure  is  difficult.  For  a  ;  ulti-leci  ed 
structure,  such,  as  a  ririlLinc!  platform,  semi-subcersible,  bridge  r-it’r,  docK 
or  wharf,  irdcruation  on  icc  loads  is  scarce.  This  is  in  .srute  of  their 
I'-rxirtar'ce  .auc.  use  m  the  ice-infested  waters.  For  this  type  of  structure 
it  is  necessary  to  know  both  the  total  load  on  the  whole  structure,  and  the 
loads  ("cth  in  macnitude  and  direction)  on  each  leg  of  the  structure.  If 
th.e  legs  are  .-j.oced  widely  apart,  each  may  be  considered  as  a  single  isola- 
te(i  ;.,iie  and  tri'atec:  accordingly.  However,  if  the  legs  are  close  together, 
i  n.ter  fti'iuncc^  eff.^iats  may  exteur  which  would  influence  both  the  load  on  the 
.structure  and  t.ue  failure  mode  of  the  ice.  As  such,  in  trying  to  design 
the  optiiiu.r  spaciru  of  the  legs  of  a  multi-legged  structure  for  strength 
and  eco.nomy,  i  niori.' at  ion  on  both  the  magnitude  and  direction  of  the  loads, 
dec  failure  'fories  .^.nd  ice  piece  sizes  are  required.  To  date,  there  has 
he-:;  very  littl-u  repotted  for  this  on  full  scale  (prototype)  structures. 

In  ttixS  review  p.-.per,  the  ice  loads  on  multi-legged  structures  are  re¬ 
viewed..  ghis  1?  done  in  a  rather  unconventional  way  by  choosing  a  nominal 
r  u.l  t  i -1  structure  design  and  ice  conditions,  and  calculating  various 

ice  lojd-'  on  the  structure.  To  gain  some  insight  into  the  interference 
‘  tfects  or.  ti;e  ice  loads  and  ice  failure  conditions,  the  results  of  model 
r-sts  with  ru  ]  r  I  - ;  <  rjoed  structures  are  oriefly  reviewed.  Finally,  a  brief 
, rcic-f  .irr-Ci  t--view  is  given  from  the  published  literature  on  the  ice  loads  on 
tell-  SI  !<-  .St  r  .c  t  ures. 

2.0  fVenera).  Considerations 


li:  oi.i'-r  t'..  r:.uicuiate  the  ice  loads  on  a  structure,  it  is  newsr-s.sa r y  to  cre- 
dirl  rh.-  f  'l.li.Te  r.oce  of  the  ice.  this  is  not  eJi-jyr;  jossildr  .inc  r-eveial 

■)6 


tailure  mechanisms  must  be  considered.  When  there  are  two  or  more  compet- 
inq  ones,  the  lowest  calculated  ice  force  is  usually  the  correct  one  since 
the  ice  should  fail  with  this  failure  mode.  To  date,  there  has  been  very 
little  information  published  on  the  ice  loads  (either  measured  or  calcula¬ 
ted)  tor  m.ult  1  -  lecjqed  platforms.  Because  of  this,  the  ice  loads  on  this 
tyfie  of  structure  cannot  be  predicted  with  a  high  degree  of  confidence. 
In  general,  the  approach  in  calculating  the  loads  on  a  multi-legged  struc¬ 


ture  has  fieeri 


:reat  it  as  if  it  were  composed  of  a  number  of  individual 


piles  subjected  to  ice  loading.  The  loads  on  each  leg  are  calculated  in 
turn  isinq  the  formulations  developea  in  ice  engineering  for  the  situation 
of  a  single  isolated  oiie  in  ice.  Then,  the  total  load  on  the  whole  struc¬ 
ture  is  determined  by  simply  summing  the  loads  on  each  leg  assuming  some 


scenario  of  spatial  and  temporal  variation  of  load  on  each  leg. 


At  the 


present  time,  the  validity  ou'  cor  r  ec "  .'';es3  of  this  approach  is  not  known. 
One  major  uncertainty  in  tfiis  area  is  to  decide  a  priori  in  the  treatment 
of  the  p>r(iblc:ir  wfiether  the  legs  of  the  fiiatform  can  be  treated  individually 
with  summing  of  the  individual  l.oads,  or  whether  there  is  interference 
between  tnerr^  which  will  affect  the  failure  mode  of  tlie  ice.  There  is  no 
good  field  information  in  this  area  and  so  the  results  of  model  tests  are 
used  to  provide  seme  guidance. 


The  ice  fofo-es  oi;  rnult  i  -  legged  stiuctures  have  been  investigated  using  phy¬ 
sical  inodelling  techniques  by  several  authors.  Many  of  these  studies  have 
look<;d  at  the  basic  tihysics  of  the  interaction  process  of  an  ice  sheet  in¬ 
teracting  with  a  row  of  two  or  more  vertical  piles.  These  tests  provide 
insight  i  nt^i  interference  effects  of  the  multiple  legs.  I'd  date,  tests  of 
this  Type  have  teen  performed  by  Saeki  et  al  (1  978)  ,  Noble  and  Singh 
(■'982),  Kato  and  Sodhi  (1981),  Wessels  (198J),  Timeo  and  Pratte  (  1985)  and 
Evers  and  Wessels  i1986).  These  papers  contain  a  great  dea  of  information 
on  aspect  ratio  effects,  rate  effects,  ice  failure  modes,  etc.  and  the 
reader  is  referred  to  thein  for  details.  In  general,  tlie  test  results  are 
in  reasciriaoie  riqr<-’omep.t  with  the  following  salient  features: 

(1)  The  u:e  -Kitmn.  e,  twr)  l^as  tias  no  interference  effects  if  the  spacing 
bot'w.  en  the  Legs  f  L)  is  'ireet^r  than  six  titro's  the  diameter  ( D)  of  one 


(2)  As  tTip  cpicin'i  df^e  r  I'.ipes  'tor  L/'rve;  ,  rtie  horizontal  force  on  each 

l‘'d  1 'I  th  dirfction  rit  icu  irovemf”'.’’  1 1.  lf“s.s  than  that  for  an  isolated 
leu  io’'.d'ri  t  tK'  O'-t.uir  ions. 


•-  •.  ■■  • 
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Over  this  same  range,  however,  the  magnitude  of  the  force  on  each  leg 
in  the  direction  perpendicular  to  the  ice  movement  increases  in  such  a 
way  that  the  total  force  on  the  leg  is  the  same  as  that  on  an  isolated 


This  mechanism  causes  the  resultant  direction  of  the  ice  loading  on 
each  single  leg  to  change  if  the  legs  are  close  together.  The  model 
tests  indicate  that  the  direction  of  loading  may  deviate  by  as  much  as 
12°  from  the  direction  of  motion  of  the  moving  ice.  Thus,  when  the 
legs  are  wide  apart,  the  failure  of  the  ice  is  symmetrical  about  each 
leg;  whereas  when  the  legs  are  close  together,  the  failure  tends  to 
occur  on  one  side.  The  proximity  of  the  other  leg  causes  the  legs  to 
be  pushed  together  (see  Figure  1).  The  resultant  force  on  the  entire 
platform,  however,  decreases  with  decreasin;  leg  spacing,  as  the 
lateral  com.ponents  of  the  single  leg  forces  compensate  each  other. 
This  was  confirmed  by  model  test  results  on  three-  and  four-legged 
platform  (Evers  and  Wessels,  1986).  The  following  numerical  results 
were  obtained: 

The  variation  in  the  leg  spacing  of  the  four-legged  f.latform  during 
level  ice  penetrations  showed  tne  tendency  that  the  increase  in  the 
horizontal  le-g  forces  on  the  entire  platform  from  L/D  =  4.0  to  L/D  = 
5.  3  was  greater  than  the  increase  from  L/D  =  5.  3  to  L/D  =  7.  3.  This 
IS  caused  by  the  tact  that  at  hinh  en<-;unh  values  of  L/D,  each  indivi¬ 
dual  leg  acts  as  a  single  independent  lea.  It  can  be  expected  that 
the  resultant  ice  forces  on  the  entire  r.-latforni  will  reach  an  asympto¬ 
tic  limit  at  lea  spacing  higher  than  L/D  -  7.3. 

On  th.e  other  hand,  the  variation  in  the  P.’U  spacing  of  the  tliree- 
legcied  platfiurrn  showed,  .^is  a  general  trena,  a  proar  essi  ve  increase  in 
the  resultant  ice  forces  on  the  entire  platforri;  with  increasing  leg 
spacing.  It  seems  that  the  limit  wnere  all  sinqle  legs  act  as  an 
individual  le<)  is  not  yer  reached  at  L/D  =  7.3  fcr  the  t  hr  ee- 1  egaed 
plat  form. 

The  parameter  st  idy  on  the  leg  spacing  of  the  t h rue- it'gued  platform,  as 
well  as  on  the  four-legged  platform  led  to  the  conclusion  tliat  a  mini- 
mu;;  vm  1  ue  ot  total  ice  rorce  on  the  entire  platfvirm  can  Ih;  expected  at 
1  :;ertain  v..iluf-  ot  lev;  sg.iciti.j.  The  value  of  critical  leo  spacing  ce- 
I'-n,;;;  ...r  the  t e  o.f  structure  (three  or  four  legs)  as  well  as  i.;n  the 
t/V”  of  ii:e/st  r  ucture  iriter.ict  ion ,  i.  e.  ,  level  ice,  rirV^.  ,:t  pressure 
1^  '  ■  [  1  e  1  e  1  r,  t  ‘  r  av' t  ic.ru 


( 7 1  Node  I  tests  on  complete  plattorr.s  ind.icate  that  the  magnitude  of  the 
load  depends  up<jn  the  angle  of  the  ice  movement  relative  to  the  pilat- 


toriT.  lens.  If,  for  example,  the  two  front  legs  of  a  4-legged  platform 
s imult aneously  penetrate  into  the  ice,  the  hack  two  legs  are  in  an  ice 
snadow,  and  will  not  realize  any  appreciable  load.  If,  however,  the 
direction  of  ice  ir.ovement  is  changed  by  25°,  all  four  legs  will  have 
ice  loads  on  them.  In  this  case,  the  back  legs  will  experience  a 
broken  ice  field  and  the  ice  n.ay  fail  by  bending  or  shearing  rather 
than  crushing.  Consenijent  ly  the  peak  loads  on  each  individual  leg  do 
not  occur  simultaneously,  and  the  n^aximuii,  ice  load  on  the  total  struc¬ 
ture  IS  less  than  the  sum  of  the  maximum  loads  on  each  leg  if  treated 
in  isolatiDn.  The  amount  of  reduction  will  depend  upon  the  platform 
design,  and  angle  of  ice  attack.  This  miay  be  investigated  by  model 
tests  in  ice.  It  should  he  remembered,  however,  that  for  breakout 
(frozen-in)  conditions  with  complete  100%  contact,  simultaneous 
occurrence  of  peak  loads  may  occur.  This  n.ay  increase  the  total 
f'lrce  on  the  structure  by  a  factor  of  up  to  4  compared  to  the  force 
durirg  level  ice  penetration. 

3.0  The  Interaction  Scenario 

As  an  example  of  a  nu 1 t i - legged  structure,  we  choose  a  6-legged  platform 
with  a  rectangular  shape  with  overall  dimensions  of  30  m  x  15  ni  with  four 
well  conductor  pipes  in  a  square  array  2  m  apart  at  the  centre  of  the  plat- 
tm  m.  The  diameter  of  the  legs  and  pipes  are  1.0  m  and  0.66  m  respectivel- 
y.  A  sketch  of  the  hypothetical  platform  is  shown  in  plan  view  at  the 

waterline  in  Figure  2a.  Assume  further  that  this  platform  is  to  be  built 
in  10  m  of  water  in  a  region  with  a  moving  ice  cover  of  maximum  thickness 

35  cm,  average  ice  salinity  5  and  minimum  air  temperature  of  -15*C 

( ::ef  Fi'iure  2:)). 

If!  order  to  calculate  the  loads,  repr  e.^ontat  i  ve  values  of  the  mechanical 
[iropt-rties  of  sea  ice  ace  necessary.  These  properties  depend  up«n  many 
fact  ors  (see  <?.■).  Scnwarz  and  Weeks,  1977  or  Weeks  and  Ackley,  1982  for  a 
ri'vww)  and  ;;o  in  this  ;<a[,'ec  typical  values  .ire  simrdy  chosen.  In  the 
design  of  a  structure  for  a  specific  site,  however,  it  would  be  imp'erati  ve 
to  hive  aood  information  on  the  type  and  extent  of  the  ice  cover  at  the 

.site'. 
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PLATFORM 


CONDUCTOR 

PIPES 


(a)  PLAN  VIEW 


Figure  2:  Schoiatic  of  the  Bulti-legged  platforn  used  in  the  interact  ion 


scenar lo. 


Since  this  ice  is  relatively  thin,  it  will  be  assumed  that  the  ice  struc¬ 
ture  is  granular.  For  these  conditions,  the  uni-axial  compressive  strength 
(Oj,)  varies  with  loading  strain  rate  (e )  according  to 

a  =  30  ( 1 ) 

where  a  is  in  MPa  and  c  is  in  s~^  (Wang,  1979).  At  break-up,  when  the  ice 
is  warmer,  a  maximum  uni-axial  compressive  strength  at  high  loaning  rates 
IS  of  the  order  of  2  MPa  (Schwarz,  1970).  Further,  for  the  calculations, 
appropriate  values  for  the  flexural  strength  (op) ,  effective  modulus  (E) 
and  characteristic  length  (i)  are  chosen  to  be  op  =  0.5  Nipa,  i:  =  3  GPa 
and  H  =  5. 9  m  respectively. 


For  this  situation,  it  is  possible  to  use  present  engineering  equations  and 
results  of  strength  measurements  on  sea  ice  to  predict  ice  loads  on  the 
s*-ructure,  as  well  as  to  illustrate  the  gaps  in  our  knowledge  of  ice  loads 


, 

o' 
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on  T.ulti-legqed  structures.  In  calculating  the  loads  on  the  hypothetical 
structure,  use  can  be  made  of  the  model  test  results.  ror  the  main  legs  of 
the  structure,  D/L  =  15  so  each  of  the  legs  can  be  treated  individually, 
neglecting  interference  effects.  For  the  well  conductor  pipes,  however, 
D/L  =  3.0,  so  the  interference  effects  are  important.  In  determining  the 
total  load,  the  force  for  ice  crushing  for  both  ductile  indentation  and  dy- 
nairac  crushing  will  be  calculated  for  each  leg  and  pipe  and  then  summed  to 
give  the  maximum  load  on  the  structure.  In  addition  to  this,  the  load  nec¬ 
essary  for  ice  buckling,  and  the  vertical  ice  loads  due  to  changes  in  water 
level  will  be  determined.  In  all  cases,  it  will  be  assumed  that  there  is  a 
sufficiently  large  driving  force  on  the  ice  to  cause  local  failure. 

4. 0  Design  Ice  Loads  on  the  Structure 

4.1  Borisontal  Loads  Due  to  Ductile  Indentation 

Ice  sheets  in  nature  are  in  constant  but  very  slow  movement.  As  the  ice 
moves,  forces  are  exerted  on  isolated  structures.  For  a  platform,  there 
are  several  vertical  legs  and  conductor  pipes  which  present  conditions  for 
ductile  indentation  of  the  ice  cover.  The  force  on  one  single  leg  or  pipe 
can  be  estimated  from  the  Korzhavin  (1971)  equation 

F  =  k  m  I  D  h  Cc  (2) 

where  k  =  contact  coefficient,  m  =  shape  factor,  I  =  indentation  factor, 
D  =  width  of  an  individual  leg  or  pipe,  h  =  ice  thickness  and  =  uni¬ 
axial  compressive  strength  at  the  loading  rate  of  interest.  For  this 
situation  we  will  assume  frozen-in  conditions  (i.e.  100%  contact)  so  k  =  1 

and  for  a  round  indentor  m  =  0. 9.  The  indentation  factor  I  incorporates 
the  effects  due  to  both  the  aspect  ratio  (i.e.  structure  width  to  ice 
thickness  ratio)  and  ice  anisotropy  (see  Figure  3).  For  the  legs  of  the 
platform,  D  =  1.0  m  and  h  =  0,  35  m,  so  D/h  =  2.9.  From  Figure  3,  I  =  1.2 
assuming  rough  (i.e.  high  friction)  boundary  conditions  and  granular  ice. 
For  the  pipes  in  the  platform,  D  =  0. 66  m  and  h  =  0.  35  m  so  D/h  =  1.9. 
From  Figure  3,  I  =  1.  4  for  the  pipes.  To  estimate  the  uni-axial  strength 
of  the  ice,  it  is  necessary  to  know  the  strain  rate  of  the  ice.  The  inden¬ 
tation  of  a  pile  in  an  ice  sheet  is  a  com.plex  phenomenon  in  which  the 
strain  rate  in  the  ice  is  high  close  to  the  indentor  and  decreases  with 
distance  from  the  indentor.  It  has  been  found  that  an  appropriate  strain 
rate  for  an  isolated  pile  can  be  estimated  by  c  =  v/2D  where  v  is  the  in¬ 
dentation  velocity  (Ralston,  1979).  lor  piles  in  an  array  in  moving  ice, 
the  apt  rof,r  late  strain  rate  is  not  known.  If  we  assume  that  e  =  v/2D  and 

42 


3 

O 

z: 


< 


ASPECT  RATIO 


Figure  3;  Indentation  coefficient  versus  aspect  ratio  for  columnar  and 
granular  ice  (after  Ralston,  1978). 


movement  rates  of  0.  3  m/hr,  then,  for  a  pile  of  1  m  diameter  c  =  4. 2  x 

C  ^ 

10”  s"^  ,  and  using  Equation  (1)  ,  v  =  3.  3  MPa.  Then,  from  EXjuation  (2)  , 
the  force  on  a  single  Leg  is  1.2  MN.  In  a  similar  way,  the  load  on  one 
pipe  IS  calculated  to  be  1.0  MN.  In  this  latter  case,  interference  effects 
may  occur  such  that  the  pipes  may  be  "pushed  together".  For  the  highest 
overall  load  on  the  platforn,  the  individual  load  components  should  be 
simply  summed.  For  this  platform  this  yields  a  total  load  of  11.2  MN. 
This  is  the  situation  representing  completely  frozen-in  conditions  of  the 
structure,  and  as  such  would  give  the  highest  peak  load  for  this  failure 
mode.  Once  the  ice  is  in  continuous  movement,  the  load  on  the  structure 
due  to  continuous  crushing  wiauld  be  less  than  this. 

4.2  Ice  Buckling 

Under  some  circumstances,  <-spncially  tor  the  case  of  a  wide  structure  with 
a  thin  ice  sheet,  ttm  ic*^-  can  fail  tfirough  buckling.  This  failure  mechan- 


ism  thereby  can  determine  the  limiting  load  on  a  structure.  The  loads  due 


to  buckling  are  a  function  of  the  width  of  the  structure,  characteristic 


length  of  the  ice  cover,  friction  at  the  ice-structure  interface,  and  the 
aspect  ratio.  Plots  of  the  non-dimensional  buckling  loads  P/(DKil^)  are 
shown  versus  D/I  in  Figure  4  (Sodhi  and  Nevel,  1980).  For  a  multi-legged 
structure,  there  are  two  possible  buckling  .cenatios;  viz.  buckling  against 


a  single  leg  and  buckling  against  the  whole  structure.  To  estimate  the 


buckling  load,  we  first  assume  ice  failure  due  to  buckling  on  an  individual 
leg.  For  this  D  =  1  m  and  i  =  5. 9  m  (from  Section  J)  ,  so  that  D/i  =  0.  17. 


For  this  ratio,  assuming  high  friction  coefficient  at  the  ice-pile  inter- 
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Figure  4:  Buckling  load  versus  D/£  for  fixed  and  frict ionless  boundaries 
(after  Sodhi  and  Nevel,  1980). 


face,  P/DK!,^  =  65  (from  Figure  4)  and  so  P  =  22.6  MN.  This  is  rMnsiderahly 


hiqher  than  the  crushing  load  on  the  pile,  so  Duckling  is  n<)t  probable  and 


ductile  indentation  would  govern  the  design.  For  tlie  second  scenario  of 


buckling  against  the  whole  structure,  the  width  or  the  strui  ‘ure  would  bf 


30  m,  so  that  D/?,  =  5.  1.  From  Figure  4,  tne  tsucKlinq  b  ad  r>i!  tr.is  r.it.io. 


Si,., 

- 
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assUiXinq  ruqt.  trictuin  coefficient  is  P/DKi  =  6.  Tnus,  for  ice  buckling, 
the  load  on  the  wnole  structure  would  be  P  =  62  MN.  This  is  also  higher 
than  the  3  ur  of  the  individual  loads  on  each  leg  ann  pipe'  due  to  crushing, 
so  under  these  circumstances  buckling  of  the  ice  sneet  steo^jc.  not  'Occul. 

If,  how'vver,  htoKen  ice  pieces  jam.  up  underneath  the  platfiirri. ,  anc  then 

r  econso  1 1  du  te ,  this  may  present  a  situation  where  bucKlirvj  ot  :  ne  pa'crb 

ice  sheet  xS  •'he'  predominant  failure  mode.  In  tnis  ease,  tne  load  on  the 

pldtfoirm  would  he-  the  buckling  load  against  the  full  width  af  ^te  .struo- 

ture.  IhiE  clearly  emphasizes  the  importance  of  n,iriit  1  ?  1  ;'u  trie  jamitoag 

throiun  caretcl  consideration  in  the  design  and  or  lent  at  lor.  jt  platiorrr 

with.  lespect  t.,  tne  direction  of  the  moving  ice.  I  r.  ttoi  ar'r-a,  pihesical 
modelli:.  ■  t  e,  ts  'woula  oe  very  useful. 

4. 3  Dynamic  Ice  Forces 

iriftie:  ice  fliaes  can  rr.ove  with  considerable  speed  .^ndt  r  tie.  xict.  eui  o!  -.0- 
viron'tentdl  driving  forces,  especially  in  spring  during  tne  ice  t.  ■,  .-f  e- up . 

In  this  case,  the  velocity  of  the  ice  is  such  that  the  fail.tt  tn.  i,:,-. 
occurs  in  ti^e  brittle  or  transition  zone.  The  failure  nr  les  ix:.)  h  ;e 

involved  are  crushing,  spalling,  ice  ctackinu  and  ice  wed'}in<i-  'lo  'O'cvatr- 
the  forces  invojlved  in  this  process,  an  equation  si.tilar  “o  luau  to-n  (  ;m  1- 
used  except  that  the  contact  factor  is  inclucea  in  the  indt-c' at  o  c'  c  e- : i  - 
cient.  The  egucition  tor  the  ice  force  is 

F  =  m  I  D  h  Oq  (1; 

where  the  terms  are  described  as  in  Equation  (2)  except  for  w.i  -h  i  a  ,■ 

nominal  strength  value.  We  chose  Oq  =  2.0  MPa  as  the  maxiriium  ■.■■alue  'v.:,;- 
sured  by  Schwarz  (1970)  on  warm  sea  ice.  For  th.s  cau>  ,  ti;e  1  r.f'- r. -n 
factor  suggested  by  Afanasev  et  al.  (1973)  is  frequently  us<  <* 

I  =  (S  h/b  +1)^^^  for  6  >  D/h  •  1 

I  =  4  -  1.55  (D/h)  for  D/h  -  I  4. 

For  an  individual  leg  for  the  platform,  D/h  =•-  2.9,  S;i  1  =  1 . and;  to  !Ocd 

on  a  single  leg  due  to  dynamic  ice  crushing  ic  1.  1  MN.  In  a  bimilai  wap-, 

the  load  on  a  single  pipe  is  calculated  to  be  0.79  MN.  Thin  ‘--T.r.  ,>t 

would  probably  not  occur  simultaneously  on  all  i  ip"s  and  i---u.  I'i  i  ru. 
total  load  on  the  structure  due  to  impact  could  hr  obtaii:--!  tnr  u-'i.  ■ 

tion  of  the  individual  loads  with  various  scen.u  ic;-  i  t  tin-  t  <- rr  a,-;]  j,  n 

spatial  distributions  of  the  ice  impacts.  Mod*--!  1 -a  .b;.  ,  ;  ,  ■  1  v-  . 

information  in  this  area  for  a  particular  platfc^rm  dc.-nu;  ,  l-o  ;  !'  o:i  ^  ■ 

lopact  loads  and  ice  jamming  and  pjile-up  bentoitn  tb-  ..tii'L  i:-  . 

u5 


4-4  Vertical  Forces  Due  to  Changes  in  Water  Level 

As  water  level  changes  through,  for  example,  tidal  action,  the  ice  sheet 
adhering  to  a  leg  or  pipe  can  deflect  and  exert  a  vertical  force  on  it. 
The  problem  is  usually  approached  using  plate  theory  with  the  governing 
differential  equation  (Gold,  1984) 


Di 

where  ii  =  deflection  at  a  given  distance  from  the  structure,  q  =  load 
applied  for  the  ice  cover,  K  =  sub-grade  reaction  =  gg,  Dj^  =  Eh  /12(1-u  ) 
=  flexural  rigidity  of  ice  cover.  Usually  the  treatment  of  the  problem  is 
in  terms  of  the  elastic  solution,  even  though  this  is  applicable  only  when 
the  change  in  water  level  is  rapid.  If  the  water  level  changes  are  small 
so  that  no  cracks  occur,  the  analytical  approach  by  Kerr  (1978)  can  be  used 
reliably  for  this  structure  geometry.  In  most  cases,  however,  ice  cracking 
will  occur.  For  this  situation  there  is  no  complete  analytical  model  to 
predict  the  uplift  forces  on  a  multi-legged  structure  so  it  is  once  again 
necessary  to  treat  each  leg  independently.  One  approach  to  the  problem  of 
an  isolated  pile  is  to  treat  the  failure  of  the  ice  in  terms  of  radial 
cracking  and  subsequent  circumferential  failure  of  the  wedges.  Based  on 
the  work  of  Nevel  (1972),  an  approximate  estimate  of  the  uplifting  forces 
on  an  isolated  circular  pile  of  diameter  D  is  given  by 

P  =  1.154  Of  h^  (1.05  +  2  a  +  0.  5  a^)  (6) 

where  a  =  (D/2ll)  and  Of  is  the  flexural  strength  of  the  ice.  For  one  of 
the  legs  a  =  0.08,  and  the  vertical  force  is  0.09  MN.  The  position  of  the 
circumferential  crack  can  be  determined  from  Figure  5  (Christensen  and 

Tryde,  1984).  For  the  present  case,  it  should  occur  at  a  distance  of  = 3  ra 

fnom  the  leg.  Although  this  calculated  vertical  load  would  be  appropriate 

in  several  situations,  in  the  case  of  a  multi-legged  platform  there  are 

many  uncertainties  and  this  approach  can  only  be  used  as  a  guide  to  the 

magnitude  of  the  uplift  forces  for  several  reasons.  First  of  all,  it  rep¬ 
resents  the  elastic  solution  to  a  viscoplastic  problem.  Secondly,  as  the 

Lce  breaks  in  this  situation,  there  can  be  flooding  and  refreezing  such 
tnat  an  ice  collar  can  form  around  each  leg  or  pipe.  This  causes  them  to 
havt-  a  much  larger  effective  diameter,  with  resulting  higher  vertical 
!'  ices.  (For  example,  assununcj  an  effective  diameter  of  2  (3  m)  +  1  m  = 

/  T  |r,r  !jne  leu,  the  calculated  vertical  force  using  Equation  (6)  is  0.  16 
.)  'hir^Uy,  the  deformation  and  failure  of  the  ice  will  be  influenced  by 
the  f^rr>ximty  of  thf'  other  leg.s  and  pipes  in  the  platform,  to  the  extent 
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Figure  5;  Wedge  lengtii  versus  D/21  for  ice  failure  due  to  uplift  (after 
Christensen  and  Tryde,  1984). 


that  a  simple  summing  of  the  loads  on  each  individual  pile  may  underpredict 
the  actual  total  load  on  the  structure.  In  those  cases  where  interference 
of  the  ice  deformation  due  to  other  structures  is  of  concern,  the  best 
approach  may  be  to  use  a  finite  element  analysis  to  determine  the  failure 
mechanism  (Eranti  and  Lee,  1981).  This  approach,  however,  is  very  expen¬ 
sive  and  still  involves  many  simplifying  assumptions.  Thus,  the  magnitude 
of  the  uplift  forces  on  a  multi-legged  structure  cannot  be  easily  predicted 
with  much  certainty  and  a  great  deal  of  work  remains  to  be  done  in  this 


5. 0  Prototype  Studies 

There  have  been  very  few  reports  on  the  ice  loads  or  ice  breaking  behaviour 
around  multi-leqqed  structures.  Because  of  this  paucity  of  information  and 
the  conplexity  of  the  interaction  pirocess,  it  is  not  possible  at  this  time 
to  co-ordinate  the  results  to  qive  a  consistent  picture.  The  reports  which 
describe  the  ductile  indentation  or  dynamic  impact  include; 

(?)  The  study  reported  by  Peyton  (  1968)  and  Blenkarn  (  1970)  on  the  ice 
conditions  and  ice  loads  on  a  platform  in  Cook  Inlet,  Alaska  over  a 


v'  V  C 


number  of  years.  These  papers  report  on  measured  prototype  values  and 
introduce  the  concepts  and  problems  associated  with  the  dynamic  res- 
i'-ii-ue  of  the  structure. 

(2)  A  study  reported  by  Schwarz  (  1970)  on  the  ice  loads  on  a  mdrine  pier 
in  warm  ice  in  the  North  Sea.  In  this  study  ice  pressures  up  to  1  KPa 


were  measured  for  weak  ice. 

(J)  Jizu  and  Leira  (1981)  and  Wang  (1983)  report  on  the  problen;s  experien¬ 
ced  in  the  Bo-hai  Gulf  in  China  by  two  platforms  which  were  designed 
witt:out  consideration  of  ice  effects.  One  platform  collapsed  wnereas 
the  other  was  unscathed.  The  paper  outlines  the  forces  on  the  plat¬ 
form  and  the  problems  associated  with  ice  jamming  both  in  front  and 
underneath  the  platform. 

(4)  Neill  (1972) ,  Montgomery  et  al.  (1980)  and  Huiskamp  (1983)  report  on 

the  dynamic  response  and  measured  ice  forces  on  bridge  piers  in  large 
rivers  in  central  Alberta.  Their  analysis  shows  that  depending  upon 
the  frequency  and  damping  characteristics  of  the  pier  and  foundation, 
the  dynamic  response  can  exceed  the  static  response  to  the  peak  ice 

force.  The  peak  unit  pressure  was  found  to  be  comparable  with  the  ice 
strength  in  compression. 

(5)  The  excellent  review  article  by  Neill  (1976)  assesses  various  analyti¬ 

cal  approaches,  full-scale  data  and  small-scale  laboratory  tests  as 
ttiey  pertain  to  the  estimate  of  forces  due  to  impact  of  moving  ice  on 
piles,  piers  and  towers. 

Those  reports  which  describe  problems  relating  to  uplift  forces  include: 

(6)  Doud  (1978)  measured  the  uplift  forces  on  a  series  of  marine  piles 


y.v. 
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6. 0  Summary 

In  this  paper,  the  ice  forces  on  multi-legged  structures  have  been  review¬ 
ed.  This  was  done  by  assuming  a  typical  platform  design  and  ice  conditions 
and  calculating  the  ice  forces  and  ice  behaviour  (failure  modes)  for  this 
situation.  The  results  of  model  tests  were  reviewed  to  give  insight  into 
the  interference  effects  between  the  legs.  A  listing  of  studies  of  ice  be¬ 
haviour  around  full-scale  multi-legged  structures  was  given.  The  review 
clearly  shows  that  the  present  day  level  of  knowledge  is  very  unsatisfac¬ 
tory  such  that  there  are  many  uncertainties  in  the  prediction  of  the  ice 
loads  on  these  types  of  structures.  Much  more  work  could  be  done  in  this, 
especially  with  regard  to  the  leg  interference  effects  of  full  platforms, 
the  vertical  loads  due  to  tidal  action,  and  the  ice  loads  and  ice  jamming 
around  the  structure  in  broken  pack  ice. 

7. 0  Acknowledgmeats 

The  author  would  like  to  thank  E.  Wessels,  R-  Frederking  and  J.  P.  Mizikos 
f'.'jr  their  helpful  comments  on  an  early  draft  of  this  paper. 

8. 0  References 

Afanas'ev,  V.  P.  et  al.  ,  1973.  "Ice  Pressure  on  Individual  Structures". 

Ice  Pnysics  and  Ice  Engineering,  G.  N.  Yakovlev,  ed.  ,  Israel  Program 
for  Scientific  Translation,  pp.  50-68. 

Blenkarn,  K.  A.  ,  1970.  "Measurement  and  Analysis  of  Ice  Forces  on  Cook 

Inlet  Structures".  Proc.  OTC,  Paper  No.  OTC-126,  Houston,  TX,  U.  S.  A. 
Christensen,  F.T.  and  Tryde,  P.  ,  1984.  "Extraction  of  Piles  by  Repeated 

Water-level  Fluctuations".  Proc.  lAHR  Symp.  on  Ice,  Val.  II,  Hamburg, 
West  Germany,  pp.  111-121. 

Doud ,  J.  0.  ,  1978.  "Ice  Sheet  Loads  on  Marina  Piles".  J.  Waterway,  Port, 

Coastal  and  Ocean  Div. ,  ASCE,  Wal.  104,  No.  WW1,  pp.  11-17. 

E’ranti,  E.  and  Lee,  G.  C.  ,  1981.  "Introduction  to  Ice  Problems  in  Civil 
Engineering".  Dept,  of  Civil  Eng.,  State  University  of  New  York, 

Buffalo,  NY,  U.  S.  A. 

E'o  r  .-,,  K.i:.  and  Wessels,  E.  ,  1986.  "Model  Test  Study  of  Level  Ice  Forces 

on  Cylindrical  Multi-Legged  Structure",  Polartech  86,  Helsinki, 
Finland,  Oct.  27-29,  1986. 

(kdd,  I..  W.  ,  1984.  "Ice  Pressures  and  Bearing  Capacity".  Geotechnical 

Enq.  lor  Cold  Regions,  O. B.  Andersland  and  D. M.  Anderson,  ed. , 

McGraw-Hili  tofik  Comp.  ,  New  York,  NY,  U.  S.  A.  ,  pp.  505-555. 

4  9 


iluiskamp ,  W.  J.  ,  1983.  "Ice  Force  Measurements  on  Bridge  Piers  198C-19f-2". 
Civil  Eng.  Dept. ,  Alberta  Research  Council  Rept.  SWE  83-1,  Edmontcn, 
Alberta,  Canada. 

Jizu,  X.  and  Leira,  B.  J.  ,  1981.  "Dynamic  Response  of  a  Jacket  Platform 

Subjected  to  Ice  Floe  Loads".  Proc.  POAC  81,  VdI.  I,  Quebec  City, 
Canada,  pp.  502-516. 

Kato,  K.  and  Sodhi,  US.  ,  1983.  "Ice  Action  on  Pairs  of  Cylindrical  and 

Conical  Structures".  U. S.  Army  CRREL  Rept.  83-25,  Hanover,  NH ,  U. S. A. 

Xerc,  A.  D.  ,  1978.  "Forces  an  Ice  Cover  Exerts  on  Rows  or  Clusters  of  Piles 
Due  to  a  Change  of  the  Water  Level".  Proc.  lAHP.  Symp.  on  Ice,  Pact  I, 
Lulea,  Sweden,  pp.  509-525. 

Korzhavin,  K. N. ,  1971.  "Action  of  Ice  on  Engineering  Structures".  U.  S. 

CRREL  Translation  TL260  ,  Hanover,  NH,  U.  S.  A. 

Montgomery,  C.  J.  ,  Gerard  R.  and  Lipsett,  A. W. ,  1980.  "Dynamic  Response  of 
Bridge  Piers  to  Ice  Forces".  Can.  J.  Civil  Eng.  1_,  pp.  345-356. 

Neill,  C. R. ,  1972.  "Force  Fluctuations  during  Ice-Floe  Impact  on  Piers". 

Proc.  lAHR  Symp.  on  Ice,  pp.  44-50,  Leningrad,  U.  S.  S.  R. 

Neill,  C. R. ,  1976.  "Dynamic  Ice  Forces  on  Piers  and  Piles.  An  Assessment 
of  Desion  Guidelines  in  Light  of  Recent  Research".  Can.  J.  Civil 
Eng.  3,  pp.  305-341. 

Nevel,  D. L. ,  1972.  "The  Ultimate  Failure  of  a  Floating  Ice  Sheet".  Proc. 
lAHR  Symp.  on  Ice,  Vul.  I,  Leningrad,  U.  S.  S.  R.  ,  pp.  17-22. 

Noble,  P.  G.  and  Singh,  D.  ,  1982.  "Interaction  of  Ice  Floes  with  the 

Columns  of  a  Semi-Submersible".  Proc.  14th  Offshore  Tech.  Conf. , 
Val.  IV,  pp.  527-535,  Houston,  TX,  U.  S.  A. 

Peyton,  H. R- ,  1968.  "Sea  Ice  Forces".  In  Ice  Pressures  Against  Struc¬ 
tures,  compiled  by  L.  Gold  and  G.  Williamis,  NRC  Tech,  ^iemo  No.  92, 
Ottawa,  Canada. 

Ralston,  T.  D.  ,  1978.  "An  Analysis  of  Ice  Sheet  Indentation".  Proc.  lAisR 

Symp.  on  Ice,  Vcl.  I,  Lulea,  Sweden,  pp.  13-31. 

Ralston,  T.  D.  ,  1979.  "Sea  Ice  Loads".  Technical  Seminar  on  Alaskan 
Beaufort  Sea  Gravel  Island  Design,  Houston,  TX,  U.S.A.  ,  Oct.  18,  1979. 

Saeki,  H.  ,  Ono  T.  ,  Ozaki  ,  A.  and  Abe,  S.  ,  1978.  "Estimation  of  Sea  Ice 
Forces  on  Pile  Structures".  Proc.  lAHR  Symp.  on  Ice,  \A>1.  I,  r,p. 
465-478,  Lulea,  Sweden. 

Schwarz,  J.  ,  1970.  "The  Pressure  of  Floating  Ice-fields  on  l-iler".  Froc. 
lAHK  Symp.  on  Ice,  Paper  6.3,  Reykjavik,  Iceland. 


•  -•  J-  ••  J".  -r  -■  • .  - . 

■f.  j-.  J'.  >-  v-.  •t.  if.  2.  y. 


Schwarz,  J.  arid  Weel'S,  W.  F.  ,  1977.  "Engineering  Propertits  ot  r.ea  Ire  . 

J.  Glac.  ,  Vol.  19,  No.  81,  pp.  499-531. 

Sodni,  D.  D.  and  Nevel,  D.  E.  ,  1980.  "7>  Review  of  Backlinq  analyse--  ol  Ic 

Sheets".  CRREL  Sp.  Rept.  80-26,  lianover,  NH,  tJ.  S.  A.  ,  .  131-141::. 

Tiitco,  G.  W.  and  Pratte,  B.  D.  ,  1985.  "The  Force  of  a  '•'..jvinc  Ice  on  a 

Pair  of  Vertical  Piles".  Proc.  Can.  Coastal  Conf.  ,  up.  349-  362,  .St. 
John's,  Nfld. ,  Canada. 

Vershinin,  S.A.  et  al.  ,  1983.  "Effect  of  an  Ice  Cover  ir'-r.f-:-.  tc  r.'.e 

Cylindrical  Supports  of  Offshore  Oil  Well  Platfonr  SLit]ei-ten  to  Water 
Level  Fluctuations".  NRC/CISTI  Tech.  Translation  TT-2041,  tttaw.:., 
Ont. ,  Canada. 

Wane,  Ctti-jian,  1983.  "7.  Tentative  View  on  Ice  Load  Applied  on  t 

Platforms  in  Bo-hai  Gulf".  Proc.  POAC  83,  itil.  2,  p;  .  930-939. 

Wang,  Y.  S.  ,  1  979.  "Crystallographic  Studies  and  Strenath  Tests  ci  Fu  ld 

Ice  in  the  Alaskan  Beaufort  Sea".  Proc.  POAC  79,  Vtil.  I,  pp.  65''-6c5, 

Trondheim,  Norway. 

Weeks,  K.  F.  and  Ackley,  S.  F.  ,  1982.  "The  Growth,  Structure  and  Properties 
of  Sea  Ice".  U. S.A.  CRREL  Monograph  82-1,  Hanover,  NH,  u. S. A. 

Wessels,  E.  ,  1983.  "Ice  Loads  on  Cylindrical  and  Conical  Offshore 

Structures".  Lecture  notes  at  W'EGEMT  VII  Graduate  School  "Ships  and 
Structures  in  Ice",  Helsinki ,  Finland. 

Wortley,  C. A. ,  1984.  "Great  Lakes  Small-Craft  Harbor  and  Structural  Design 
for  Ice  Conditions:  An  Engineering  Manual".  Univ.  of  Wisconsin 

Rept.  WIS-SG-84-426,  Madison,  WI,  U. S. A. 


51 


FLEXUR.4L  A.ND  BUCKLING  FAILURE  OF 

FLOAT in^TcY Sheets  against  strYctures 


DevLnder  S.  Sodhi 
Reseac-h  Eiigineer 


U-S.  Array  Cold  Regions  Research 
and  Engineering  Laboratory 
7  2  Lyrae  Road 

Hanover,  New  Hampshire  03735-1290 


U.S.A. 


ABSTRACT  This  is  a  review  of  work  on  bending  and  buckling  failure  of 
floating  ice  sheets,  along  with  the  forces  generated  during  ice/structure 


interaction.  The  focus  is  on  the  work  published  after  1980.  F.stimatlon 


of  ice  forces  as  a  result  of  bending  and  buckling  failure  of  an  ice  sheet 
can  be  made  with  a  fair  degree  of  confidence  when  the  Ice/ st ructure 


interaction  leads  to  one  of  the  two  modes  of  failure.  The  problem  of 


multimodal  failure  of  floating  ice  sheets  needs  furtlier  study. 


1 


INTRODUCTION 


The  relacWo  -'ifjti.m  hetwei-i  4a  i  .-<>  sfie.-r  and  a  sLruetiire  generates 
Circes,  which  are  geiorilly  calleii  ice  forces.  !^or  the  design  of  struc¬ 
tures  th.at  are  t‘i  he  plac.*i  in  aa  ice  eriv'i  ronment ,  tlie  ice  forces  have  to 
he  esti  natc.i  ,)'i  tiie  hasis  of  envi  r oiuiient a  1  ditt  and  ice  conditions.  The 
design  forces  arc  ;,’,ene  ra  1 1  Mnite.i  to  tiie  forces  required  to  fail  an  ice 
shet>t.  These  f  irces  depei;  i  up  ;n  the  structure  georaetry  (widtii,  slope, 
etc.),  tiie  ice  conditions  (thickness,  rloe  size,  strength,  etc.),  and  the 
node  iif  ice  failure  (bending,  buckl'np,  crushing,  or  mixed  mode).  The 
mode  in  whlcti  an  ice  s'neet  fails  depends  upon  many  factijrs,  such  as  the 
ice  tliickness  and  properties,  tlie  structure  width,  relative  velocity,  and 
the  slope  of  the  structure. 


Tn  this  review,  only  the  bending  and  buckling  failure  of  floating 
ice  sheets  will  be  discusseii,  along  with  the  forces  generated  during  Ice/ 
structure  interaction.  Tht>  focus  will  he  on  the  work,  published  after 
I'i'hi,  line.'  earlier  w  trk  was  rep'jrted  in  the  first  state-of-the-art 
review  by  Werkin.';  Nroup  .ui  Ice  Forces  on  Structures  (Croasdale, 

I9H0;  So.ii  lud  Ne.--1,  ihgO).  Tlie  bending  failure  of  Ice  sheets  and 
riJg'".  ’n.is  be.ui  por'i.illy  covered  in  tiie  second  state-of-the-art  review 
(Sodhi  Old  Kovacs,  IDba;  Nrankkala  and  Maattanen,  1984). 


BENDING  OF  FLOATING  ICE  SHEETS 


Ice /-•' L  nil.' tore  Interaction  problems  are  characterized  by  edge  loading 
of  an  Ice  sheet,  -as  opposed  to  static  or  moving  load  on  an  ice  sheet, 
where  tiie  load  is  generally  applied  vertically  In  tlie  middle  of  an  Ice 
floe  aw.;.iy  from  the  boundary.  Because  the  problem  of  static  and  moving 
loads  on  an  i'-e  sheet  deserves  a  separate  review,  that  subject  Is  not 
inclided  here.  The  problem  of  ice/structure  interaction  inay  be  divided 
into  twii  phases:  initial  def 'irmat  ion,  followed  by  the  failure  of  the  Ice 
sheet. 

When  an  ice  sheet  is  pushed  against  a  vertical  or  sloping  structure, 
the  Initial  de  f  orma  t  i  on  in  the  Ice  sheet  depends  up'in  the  ice  behavior: 
elastic  '.jr  inelastic.  Wlien  tlie  relative  velocity  h.itwoe'i  an  ice  sheet 
and  a  structi.ire  is  lilgh,  the  assumi'tion  of  Lee  hehavl'ic  as  ,in  elastic 
material  produces  good  results.  F'lr  low  ri*lative  velocity  the  behavior 
of  Ice  is  inelastic  an  I  the  fallnr.'  chase  o'  i  ce 's  t  r  ii- 1  u  re  interaction  Is 
not  clearly  defined.  '•Nir  a  verv  a '  gh  relati've  velocitv,  inertial  forces 


play  an  Important  role  In  that  the  failure  modes  of  an  Ice  sheet  nay 
differ  significantly  from  those  at  low  relative  velocity. 

The  estimation  of  Ice  forces  by  elastic  analysis  Is  generally  accom¬ 
plished  by  determining  the  forces  required  to  Initiate  failure.  if  the 
Ice  falls  In  brittle  mode,  the  elasticity  method  generally  provides  a 
good  estimation  of  Ice  forces,  whereas  the  plasticity  method  yields  good 
results  for  the  ductile  failure  of  Ice.  In  plastic  limit  analysis.  Ice 
forces  are  estimated  by  equating  the  rate  of  work  done  by  external  forces 
to  the  rate  of  energy  dissipation  In  the  Ice,  which  Is  assumed  to  have  a 
velocity  field  similar  to  that  for  actual  failure  mode.  For  the  buckling 
problem,  the  forces  required  to  buckle  a  floating  ice  sheet  :iviy  be 
obtained  by  conducting  an  elastic  or  viscoelastic  analysis,  depending  on 
the  rate  of  Ice  movement. 

For  elastic  analysis,  the  differential  equation  that  governs  the 
transverse  displacement  of  a  floating  ice  sheet  during  an  ice/structure 
interaction  may  be  written  as: 

ct  D  h  w  +  D  w  gw  =  0  (for  1,  j  =■  1,2)  (1) 

illjj  iJ  »lj  w 

where  d  «nd  p„  are  the  Ice  and  water  densities  respectively,  h  Is  the 
Ice  thickness,  n  is  a  factor  to  account  for  the  added  mass  of  water,  w  Is 
the  transverse  displacement  of  the  ice  sheet,  D  is  the  flexural  rigidity 
of  the  Ice  sheet  (to  be  discussed  later),  Is  the  In-plane  stress 
components,  and  g  Is  the  gravitational  acceleration.  In  the  above  equa¬ 
tion,  the  dots  refer  to  differentiation  with  respect  to  time  and  the  com¬ 
mas  refer  to  differentiation  with  respect  to  spatial  coordinates  (xj  , 

X2 ) .  The  convention  of  summing  repeated  Indices  Is  adopted  here.  Factor 
a  accounts  for  the  Inertial  forces  of  water  below  the  Ice;  Its  value  Is 
generally  assumed  to  be  between  1  and  2. 

Equation  (1)  states  an  equilibrium  between  different  type  of  vertic¬ 
al  forces  at  a  point  (x^  ,^2)  of  the  floating  Ice  sheet.  The  first  term 
accounts  for  the  inertial  forces,  the  second  term  the  elastic  forces,  the 
third  term  the  In-plane  forces,  and  the  fourth  terra  the  change  In  bouy- 
ancy  forces.  Depending  upon  the  situation  and  problem  at  hand,  the  above 
equation  may  be  simplified  by  excluding  the  first  and  third  terras.  For 
Instance,  a  simple  flexure  problem  may  be  analyzed  by  retaining  only  the 
second  and  the  fourth  terras.  If  in-plane  forces  are  present,  the  third 
terra  should  be  retained  to  account  for  the  contribution  of  In-plane  forc¬ 
es  to  the  equilibrium  of  the  Ice  sheet.  The  first  term,  dealing  with 
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Itiertlal  forces,  Is  retained  only  for  those  Ice/structure  interaction 
problems  where  the  relative  velocity  is  high.  Further  simplifications 
may  be  offered  if  the  problem  can  be  formulated  as  a  one-dimensional  as 
opposed  to  a  two-dimensional  problem,  e.g.  a  beam  on  an  elastic  founda¬ 
tion  (Hetenyi,  1946;  Nevel,  1983). 

For  viscoelastic  analysis,  the  above  equation  may  be  written  to 
include  inelastic  constitutive  laws  relatle.g  rates  of  stresses  and 
strains.  Oue  to  nonll near i t les ,  the  inelastic  analyses  are  conducted  in 
incremental  steps,  and  the  solution  is  iterated  to  converge  at  each  step. 

Fven  though  an  ice  sheet  Is  transversely  anisotropic,  it  is  isotrop¬ 
ic  in  its  horizontal  plane,  l.e.  in  the  -  X2  plane.  One  single  factor 
that  Influences  the  bending  deformation  of  the  ice  sheet  is  the  charac¬ 
teristic  length  of  floating  ice,  defined  as  L  =  Because 

It  has  a  dimension  of  length,  it  Is  convenient  to  normalize  the  spatial 
coordinates  with  respect  to  the  characteristic  length. 

The  flexural  rigidity  is  an  Integrated  quantity  defined  as 


,’2  z2e(z) 

D  =  I  -  dz  (2) 

-hj  (l-v2) 

where  E(z)  is  the  modulus  of  elasticity  at  a  point  that  Is  at  vertical 
distance  z  from  the  neutral  surface,  v  is  the  Poisson's  ratio,  and  h;  and 
h2  are  the  distances  of  the  bottom  and  top  surfaces,  respectively,  from 
the  neutral  surface.  The  neutral  surface  is  defined  as  the  surface  where 
there  is  zero  strain  or  stress  due  to  bending,  and  its  position  from  the 
top  surface  (hp.)  can  be  determined  from  the  following  equation: 

1?2 

f  zE(z)dz  =  0  (3) 

-h 

If  the  elastic  modulus  is  assumed  to  be  constant  through  the  ice 
thickness,  the  neutral  surface  will  be  located  in  the  middle  of  the  ice 
sheet  and  the  characteristic  length  can  be  defined  as 

L  =  f  Eh^ /12( l-v2  )p  g^^^^ 
w 

The  elastic  modulus  calculated  by  the  use  of  the  equation  is  termed  the 
effective  elastic  modulus,  implying  that  it  is  an  approximation  to  inte¬ 
grated  values.  However,  the  elastic  modulus  varies  across  the  thickness 
of  the  ice  sheet  because  of  temperature  variation  and  other  factors. 


Kerr  and  Palmer  (1972)  derived  a  set  of  equations  for  the  bending  of 
floating  Ice  sheets,  In  which  they  assumed  a  variation  of  elastic  modulus 
as  a  result  of  temperature  variation  across  the  thickness  of  the  Ice 
sheet.  They  concluded  that  the  formulations  for  Ice  sheet  bending  are 
the  same  as  those  for  the  corresponding  homogeneous  problems,  If  a  modi¬ 
fied  flexural  rigidity  Is  used.  They  also  gave  some  examples  of  the  non¬ 


linear  stress  distribution  across  the  thickness  of  the  ice  sheet. 


In  a  recent  review  of  Ice  properties,  Cox  and  Weeks  (1985)  developed 
a  combined  Ice  temperature-ice  salinity  model  to  generate  profiles  of 
mechanical  properties  for  undeformed,  snow-free,  first-year  sea  Ice  in 
the  Arctic  Basin.  The  predicted  profiles  give  composite  plate  properties 
that  are  significantly  different  from  bulk  properties  obtained  by  assum¬ 
ing  homogeneous  plates.  Figure  1  shows  stress  distribution  across  the 
thickness  due  to  bending  moment  at  the  root  of  a  cantilever  beam.  Figure 
2a  shows  the  location  of  the  neutral  surface  with  respect  to  the  Ice 


Stress  (arbitrary  units) 

-5  0  5 


Figure  1.  Comparison 
of  stress  distributions 
across  the  thickness  due 
to  bending  at  the  root 
<af  a  cantilever  beam. 
Straight  line  represents 
a  linear  distribution 
for  homogeneous,  elastic 
material  and  the  other 
line  a  nonlinear  distri¬ 
bution  as  a  result  of 
the  variation  In  elastic 
modulus  (from  Cox  and 
Weeks,  198  5). 


bulk  Crrr.po-$.Te 


Figure  2a.  Plot  of  dimensionless  ratio  h2/h  (distance  of  neutral 
face  from  the  top  sur face/total  thickness)  versus  ice  thickness  f 
Cox  and  Weeks,  198  5). 
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Figure  2b.  Plot  of  the  ratio  of  characteristic  lengths  assumii 
constant  and  variable  elastic  moduli  versus  ice  thickness  (fror 
Cox  and  Weeks,  1985). 
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thickness.  In  Figure  2b,  the  ratio  of  characteristic  lengths,  assuming 


constant  and  variable  elastic  moduli,  is  plotted  with  respect  to  ice 


thickness.  In  addition,  the  failure  strength  profiles  give  maximum 
strengths  in  the  Interior  of  the  sheet  as  contrasted  with  the  usual 
assumption  of  maximum  strength  at  the  cold,  upper  ice  surface.  Coupled 


with  the  fact  that  tiie  stress  distribution  during  flexure  of  the  ice 


sheet  is  nonlinear  across  the  thickness,  it  becomes  complicated  to  pre¬ 


dict  the  onset  of  failure.  Cox  and  Weeks  also  concluded  that  ice  proper¬ 


ties  can  be  taken  as  a  simple  function  of  ice  thickness  and  that  the 
property  profiles  do  not  appear  to  be  sensitive  as  to  when  a  given  thick¬ 


ness  of  ice  started  to  form. 


Some  of  the  fundamental  questions  on  flexure  of  saline,  columnar  ice 
are  being  answered  through  systematic  laboratory  tests.  For  example, 
Lalney  and  Tinav^l  (1981)  found  the  dependence  of  flexural  strength  and 
elastic  modulus  on  stress  rate  and  temperature  by  conducting  four-point 
bending  tests  on  ice  beams.  Murat  and  Degrange  (1983)  conducted  four- 
point  bending  tests  to  obtain  the  creep  properties  of  sea  ice.  Lainey 
and  Tinawi  (1983)  and  Tinawl  and  Gagnon  (1984)  found  that  because  of  the 
anisotropy  of  columnar  ice,  shear  deformation  —  as  opposed  to  bending  — 
contributes  significantly  to  the  long-term  deformation  of  floating  ice 


sheets . 


BENDING  FAILURE 


Since  1980,  most  of  the  work  to  predict  ice  forces  as  a  result  of 
bending  failure  of  ice  sheets  has  been  small-scale  experimental  studies 
either  to  verify  existing  theoretical  results  or  to  support  new  theoreti¬ 
cal  findings.  In  small-scale  (or  model)  experiments,  the  dimensions  and 


properties  of  ice  sheets  are  reduced  by  a  certain  scale  factor.  These 


ice  sheets  are  pushed  against  sloping  model  structures  while  monitoring 
the  Interaction  forces.  The  ice  forces  during  ice  action  against  sloping 
structures  can  be  divided  into  two  parts:  ice  breaking  and  ice  clearing. 
If  the  ice  is  unable  to  ride  up  and  go  around  the  structure,  ice  blocks 
accumulate  in  the  form  of  a  rubble  field  upstream  of  the  structure.  This 
often  happens  in  the  case  of  a  wide  structure,  atid  the  advancing  ice 


sheet  may  then  interact  with  the  rubble  field  instead  of  the  structure. 


In  model  experiments  involving  bending  failure,  the  ice  forces  are 
generally  normalised  with  the  product  of  flexur.il  strength  and  the  squat' 
of  ice  thickness.  Therefc>re,  it  is  appropriate  to  present  here  a  few 


comments  i)n  flexural  strength-  Though  It  Is  Intended  to  be  a  measure  of 
tensile  strength,  flexural  strength  is  at  best  an  index  value.  Because 
of  the  simpiicitv  of  conducting  cantilever  tests  in  situ  in  the  labora¬ 
tory,  flexural  strength  is  a  useful  parameter  to  describe  the  properties 
of  ice  sheets.  It  has  been  found  —  both  in  the  field  and  in  the  labora 
tory  — that  in  the  case  of  sea  ice  and  doped  model  ice,  the  flexural 
strength  determined  from  cantilever  and  simple  beam  tests  are  the  same 
(Vaudrey,  1977;  Timco,  1485).  This  is  not  the  c.ise  when  freshwater  ice 
is  tested  by  tiiese  two  methods:  strengths  from  simple  be.im  testi  are 
greater  than  those  from  cantilever  tests  (Gow,  1977;  Frederking  and  S.ec 
1985)  because  of  the  sf'ess  conceo.t  rat  ion  effects  due  to  t'ne  brittle 
behavior  of  freshwater  Ico,  which  are  no'  present  tor  sea  and  model  ice 
due  to  their  ductile  behavior. 

The  flexural  strengths  in  upward  and  downward  heading  are  almost 
e'lual  for  first-year  sea  ice  (Vaudrey,  1977)  but  differ  cons  i  de  "ably  for 
model  ico.  The  ratio  of  those  strengths  is  about  2  for  a  rea-driped  m.odei 
ice;  the  difference  is  attrlbute<l  to  ttie  growth  of  a  fine-grained  layer 
at  tiie  top  (Hlrayama,  1983;  Timco,  1955;  Yamaguchi  et  al.,  198b).  It  is 
therefore  conventional  t  :>  measure  the  flexural  stren.gth  of  model  i,:f-  in 
upward  or  downward  bending  depending  on  how  the  ice  breaking  tikes  place 
in  a  given  1 ce/s t rue ture  interaction. 

Riecent  studies  by  Tocawn  and  Taguchi  (1986)  on  freshwater  Ice  spec: 
men  Indlcat'V;  ti’.at  Internal  flaws  have  an  effect  on  the  flexural 
stren.gth,  which  was  found  to  decrease  with  the  Increase  in  specimen  sine 
(exhibiting  scale  effects)  and  was  found  to  be  distributed  according  tc. 
the  Welbull  model  within  each  group  of  specimens. 

A  brief  discussion  is  presented  below  for  each  group  f  studies  -e- 
lated  to  i.ee/st  ructure  Interaction  where  bending  failure  of  the  Ice  shee 
was  the  primary  failure  modt.>. 

fa)  Tiscrete  Fli’ment 

Besides  thenret  I '.'a  1  studies  roc.ducted  in  con  June  t  i  or.  with  s;na  i  1 - 
scale  experimental  studies,  tlie  dis.  rete  element  method  has  Oeea  a  new 

tool  t)  study  ice /s  t  rue  1 11  re  interaction.  Yoshlmura  and  Kami,  sac!  f  19811 

presented  an  outline  of  the  discrete  elemeiit  method  and  sr  Kacd  that  a 

good  agreement  was  obtained  btetween  theoretical  and  e  xpe  r  i  me  n  t  1 1  results 

for  the  •',ase  of  a  cone  fsheet-i  ce  InteractLon.  Similar  r!  i !  ms  'a'.i'  hi'en 
made  by  Hocking  e'-  il.  (198Sa,b)  who  studied  ! 'u-  iat'-ut’oi  r, ;  i-e 


'  r  •  IT" 


w  • 

i 

‘•\'- 

s'.*. 


Kv. 


w  "  »,—  V  •' "  ■«  ■•~r  »*“ 


sheets  and  ridges  with  artificial  Islands  and  conical  structures,  respec¬ 
tively.  Because  this  analytical  tool  has  tnuch  to  offer,  we  will  perhaps 
see  more  results  in  the  future  as  more  researchers  use  it  to  analyze  ice/ 
structure  interaction. 

(b)  Sloping  Structures 

Haynes  et  al.  (1983)  conducted  small-scale  experiments  by  pushing 
model  ice  sheets  against  narrow  structures  with  various  slope  angles  from 
the  horizontal.  A  relationship  between  the  non-dimensional  force  and  the 
slope  angle  was  found,  as  shown  in  Figure  3.  The  constant  of  proportion¬ 
ality  agrees  with  the  theoretical  results  of  the  two-dimensional  analysis 
of  Croasdale  (1980).  During  those  tests,  the  speed  of  the  ice  was  In¬ 
creased  steadily  from  0  to  10  cm/s.  Although  the  speed  did  not  have  any 
effect  on  the  ice  forces  caused  by  the  bending  failure  of  the  ice  sheet, 
it  had  the  dramatic  effect  of  changing  the  failure  mode  from  bending  to 


Figure  3.  Plot  of  normalized  ice  force  (F/'^fii^) 
on  a  narrow,  inclined  structure  versus  slope  angle 
(n).  Solid  Line  Is  the  best-fit  curve  through  the 
experimental  data  (dots),  and  its  etjuaticin  is 
F/'jjh^  =  1.78  tan(  rt--’.),  where  F  is  the  |)eak  ice 
force,  cj-  is  the  flexur.il  strength,  h  is  the  ice 
thickness  and  +■  the  friction  angle  between  ice  ami 
structure  (from  Haynes  et  al.,  1983). 
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shear  or  crashing.  The  speed  at  which  the  transition  In  failure  mode 
took  place  was  found  to  increase  with  the  increase  in  the  slope  angle 
When  the  ice  speed  is  low,  the  vertical  forces  generated  during  Inter- 
acti'')n  are  primarily  caused  by  the  weight  and  tiie  elastic  forces  from  a 
portion  of  the  ice  sheet  near  the  contact  area.  As  the  ice  speed  in¬ 
creases,  the  kinematics  of  the  interaction  requires  high  acceleration  of 
the  ice  s'neet  and  water  in  the  vertical  direction  dnrlng  lifting,  causing 
i:u:reased  inertial  forces  to  develop  at  the  contact  area.  When  the  forc¬ 
es  required  to  lift  the  ice  sheet  exceed  the  force  required  to  cause  the 
ice  sheet  failure  in  siiear  or  In  crushing,  a  transition  in  the  failure 
node  takes  place.  Such  transitlotis  in  failure  mode  have  also  been 
observed  by  others  (Lipsett  and  Gerard,  1980;  Schwarz,  1985). 

An  exhaustive  study  of  ice  Interaction  with  sloping  structures  of 
different  wid'-'is  was  conducted  by  Timeo  (  1984)  and  Frederklng  and  Ttmeo 
(1985).  They  proposed  that  the  total  ice  force  can  be  divided  into  forc¬ 
es  reqiitred  for  breaking  the  Ice  sheet,  rotating  the  broken  Ice  blocks, 
and  sliding  ice  blocks  on  the  structure.  They  obtained  good  agreement 
between  the  theoretical  and  experimental  results  for  the  Individual  force 
co.iiponents ,  but  ti.e  theoretical  total  force  was  higher  than  tiie  total 
measured  force.  The  discrepancy  was  attributed  to  t>ie  fact  that  the 
theoretical  force  was  calculated  by  summing  the  peak  values  of  each  force 
component,  when  in  fact  it  is  not  possible  for  all  peak  forces  to  occur 
s  Imui  taneoiisly . 

(c)  Conical  Structures 

Many  experimental  studies  were  conducted  to  investigate  the  depend¬ 
ence  of  ice  forces  when  a  conical  structure  interacts  with  an  ice  sheet 
ind  a  multiyear  pressure  ridge.  Theoretical  results  for  the  above  inter¬ 
action  were  given  by  Ralston  (1977,  1979),  Abdelnour  (1981),  and  Wang 
(1984). 

Sodhi  et  al.  (1985)  conducted  tests  with  a  45“  upward-breaking  conl- 
c.al  s',  ructuri!  Chat  had  diameters  of  1.5  m  at  the  waterline  and  0.33  ra  at 
'  bi'  r  qj.  The  tests  were  conducted  at  different  speeds  and  at  two  coeffi- 
‘i-uUs  n!  frii-tion.  Tliey  found  a  goo'l  agreement  between  experimental  and 
1 1  ic.  I  r  ■  ■  f  c  1 1  IRalston,  1977)  results  fur  different  rr)e  f  f  Ic  tent  s  of  fric- 
tl  lid  no  .1  pprec  I  ah  1  e  effect  of  velocity  on  the  ice  forces.  On  the 
S.i  ;  1  ,  of  si'ect,-,:,;  analysis  of  the  force  signal,  they  found  that  the  size 
t 'i'/  Initial  her!  1 1  ng  failure  is  about  one-third  of  thit  cha  rac  t  ■  r  I  s  1 1  c 

;  uq;'  h  . 
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Hlrayama  and  Obara  (1986)  conducted  a  systematic  series  of  tests 
with  conical  structures  of  different  slopes  and  sizes  using  freshwater 
and  urea-doped  Ice.  Their  results  agreed  with  the  experimental  results 
of  others  and  with  the  theoretical  results  of  Ralston  (1977). 

Field  and  model  studies  were  conducted  by  researchers  In  Finland 
(Maattanen  and  Mustamake,  1985;  Holkkanen,  1985)  to  observe  Ice  failure 


modes  against  a  conical  structure  and  to  measure  the  Ice  forces.  The 
model  study  was  launched  to  duplicate  the  Ice/structure  Interaction 
observed  In  the  field.  The  Ice  forces  In  the  field  were  measured  by 
Instrumenting  a  10-m-diameter ,  55°-slope-angle ,  conical  structure  at  Keral 
I  lighthouse,  located  In  the  northern  part  of  Gulf  of  Bothnia.  The  fail¬ 
ure  modes  observed  in  the  field  were  bending  at  low  relative  velocity  and 
shearing/crushing  at  high  relative  velocity.  Ice  blocks  accumulated 
upstream  of  the  structure.  In  most  model  tests,  this  type  of  failure  has 
not  been  observed  unless  the  tests  were  conducted  at  high  speeds 
(Schwarz,  1985).  As  Rabston  (1977)  developed  his  formulation  based  on 
observations  made  In  model  tests,  Its  applicability  may  be  limited  to 


smaller  conical  structures  where  the  broken  ice  sheet  is  able  to  clear 


the  structure. 


Abdelnour  (1981)  presented  the  results  of  both  theoretical  and 
experimental  studies  for  the  Ice  forces  generated  during  Interaction  of 
multiyear  ridges  with  a  conical  structure.  Ralston  (1977)  had  pointed 
out  that  a  ridge  of  finite  length  may  Induce  a  higher  Ice  force  on  a 
conical  structure  than  an  Infinitely  long  ridge.  Abdelnour  (1981)  pre¬ 
sented  expressions  for  the  Ice  forces  when  a  multiyear  ridge  of  finite 
length  develops  "center"  and  "hinge"  cracks.  The  expressions  for  Ice 
forces  were  derived  assuming  elastic  behavior  of  the  ridge.  Wang  (1984) 
presented  a  formulation  for  the  above  problem  using  plastic  limit  analy¬ 
sis.  He  assumed  different  velocity  fields  for  different  lengths  of 
ridges,  In  which  both  bending  and  twisting  of  the  ridge  were  possible. 
While  comparing  theoretical  results  from  elasticity  and  plasticity 
methods  with  those  from  tests  with  wax  model  Ice  (Abdelnour,  1981)  and 
with  natural  saline  ice  (Verity,  1975),  Wang  Found  that  the  elasticity 
method  underestimates  the  experimental  results  whereas  the  plasticity 
method  overestimates  them.  The  reason  was  attributed  to  the  difference 
In  failure  criteria  used  In  the  two  methods.  In  the  elasticity  method, 
the  ridge  material  Is  assumed  to  be  brittle-elastic,  wliereas  for  the 
plasticity  method  the  Ice  behavior  Is  assumed  to  be  elastic-plastic.  In 


m 


t'ru>  I  1 --St  cMse,  there  is  .issamed  to  be  no  residual  strength  left  after 


!  -e  failiir..’,  whereas  full  strength  Is  assumed  to  be  present  w'nile  failure 
progresses  in  the  plasticity  raetliod.  The  actLial  situation  is  in  between 
the  two  as snrap t  i ons  . 

4.  B^'CKLING  OF  FLOATING  ICK  SHEETS 

A  review  of  theoretical  analyses  was  presented  by  Sodhl  and  N'evel 
(1980)  In  which  only  elastic  buckling  analyses  of  floating  ice  sheets 
were  discussed.  In  elastic  stability  analysis,  a  floating  ice  sheet  is 
assumed  to  bo  a  beam  or  a  plate  resting  on  an  elastic  foundation  —  an 
assumption  that  is  valid  as  long  as  tlie  top  surface  of  an  ice  sheet  does 
not  submerge  below  the  water  or  the  bottom  surface  does  not  emerge  out  of 
the  water.  For  determining  buckling  loads,  these  assumptions  are  ade¬ 
quate  because  the  deflections  of  an  ice  sheet  are  assumed  to  be  small. 

The  abjective  of  a  linear  elastic  stability  analysis  is  to  determine  the 
bifuri:atlon  load  when  an  ice  sheet  Is  pushed  against  a  vertical  struc¬ 
ture  . 

kerr  (1980)  showed  that  the  buckling  loads  are  lower  for  large  de¬ 
flections  of  an  ice  sheet  than  linear  elastic  buckling  loads.  While  It 
is  realised  that  the  buckling  loads  are  sensitive  to  imperfections  both 
in  terms  of  thickness  variations  and  eccentricity  of  in-plane  load,  no 
study  has  been  conducted  to  determine  quantitatively  tlie  effects  of  such 
imperfect  ions  on  the  buckling  loads. 

The  major  contributions  In  this  area  of  research  since  1980  consist 
mainly  of  a  few  experimental  studies  and  theoretical  analyses.  The 
experimental  studies  were  conducted  to  confirm  the  results  of  earlier 
theoretical  studies  and  to  verify  the  results  of  dynamic  and  elastic 
buckling  analyses  of  wedge-shaped  floating  ice  sheets.  Both  elastic  and 
dynamic  buckling  analyses  cover  the  range  of  relative  speeds  of  Ice,  with 
respect  to  structures,  that  can  be  characterized  as  high  speeds  where  the 
beiiavlor  of  Ice  can  be  assumed  to  be  elastic.  For  very  high  speeds,  the 
inertia  of  tiie  Ice  sheet  plays  an  Important  role  In  Its  deformation  of 
i  e  she,.ts  such  that  a  higher  order  mode  Is  Induced,  leading  to  a  higher 
buckling  load  than  the  linear  elastic  buckling  load.  However,  when  the 
relative’  speed  between  ice  and  structure  is  very  low,  the  Ice  behavior  Is 
iiulistic  and  is  best  described  by  nonlinear  creep  equations.  In  such 


ases,  i  floating  ice  sheet  can  buckle  under  much  lower  loads  tlian  for 
llne;ir  .’l.istlc  buckling.  The  amplitude  of  a  buckled  ice  sheet  grows 
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gradually  with  time.  Although  analysis  of  creep  buckling  of  floating  ice 
sheets  Is  an  Important  contribution,  no  systematic  study  has  been  con¬ 
ducted  to  determine  buckling  loads  as  a  function  of  relative  velocity  and 
the  parameters  characterizing  Ice  properties  In  the  creep  regime. 

A  brief  discussion  is  presented  below  of  the  studies  not  included 
in  the  earlier  review  by  Sodhl  and  Nevel  (1980). 


(a)  Experimental  Studies 


Michel  and  Blanchet  (1983)  did  Indentation  tests  with  columnar  tee 
sheets  and  found  that  the  Ice  sheet  buckled  when  the  aspect  ratio  (d/h) 
was  high.  During  their  tests,  they  had  observed  that  two  or  more  radial 
cracks  would  emanate  from  the  edge  of  their  flat  Indentor  and  that  Ice 
sheets  would  buckle  forming  a  circumferential  crack.  The  buckling  loads 
from  their  tests  agreed  with  the  theoretical  results  of  earlier  studies 
(Sodhl  and  Hamza,  1977;  Kerr,  1978). 

Sodhl  et  al.  (1983)  conducted  an  experimental  study  to  verify  the 
results  of  theoretical  analyses  for  a  wide  range  of  structure-wldth-to- 
character 1st  Ic-length  ratios.  In  Figure  4,  the  results  of  the  experl- 
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Figure  4.  Comparison  of  experimental  and  theo¬ 
retical  buckling  loads.  Heavy  lines:  theoreti¬ 
cal  results  (Sodhl,  1979);  circles:  experimen¬ 
tal  results  (Sodhl  et  al.,  1983). 
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mental  study  Is  presented  In  non-dlmenslonal  form.  Most  of  the  experi¬ 
mental  data  points  lie  between  the  theoretical  values  of  normalized  buck¬ 
ling  loads  for  frictionless  and  hinged  boundary  conditions,  which  repre¬ 
sented  the  extreme  situations  for  ice/structure  contact  during  the  ex¬ 
periments.  In  those  experiments,  a  frictionless  boundary  condition  could 
be  considered  as  one  for  which  no  frictional  resistance  was  developed 
between  the  Ice  edge  and  the  structure  when  the  Ice  edge  moved  or 
deflected  In  the  vertical  direction.  A  hinged  boundary  condition  would 
liave  required  complete  restraint  of  the  Ice  sheet  against  vertical  de¬ 
flection  at  tlie  line  of  contact  with  the  structure.  For  both  boundary 
conditions,  the  Ice  sheet  was  free  to  rotate  at  the  edge  as  there  was  no 
restraining  moment.  Because  there  was  no  control  over  the  boundary  con¬ 
ditions  during  the  experiments,  the  agreement  between  the  experimental 
and  theoretical  buckling  loads  Is  considered  to  be  good  for  a  wide  range 
of  St ructure-wldth-to-characterlstlc-length  ratios.  However,  there  was 
considerable  scatter  In  the  data  for  the  experiments  In  which  the  rela¬ 
tive  velocity  between  Ice  and  structure  was  Increased  from  0  to  10  cm/s . 
In  a  later  study,  Sodhi  (1983)  showed  both  theoretically  and  experiment¬ 
ally  that  the  dynamic  buckling  load  of  a  floating  Ice  sheet  Increases 
with  the  increase  In  relative  velocity. 

In  subsequent  experimental  studies  by  Sodhi  and  Adley  (1984)  on 
wedge-shaped  ice  sheets,  a  3-mm-thick  rubber  pad  was  glued  to  the  struc¬ 
ture  face  to  induce  a  hinged  boundary  condition  at  the  Ice/structure 
Interface.  The  Ice  edge  was  carefully  prepared  parallel  to  a  1.83-m-wide 
structure  to  ensure  uniform  contact  along  the  whole  width.  The  rubber 
pad  prevented  the  Ice  edge  from  moving  up  or  down,  and  the  Ice  sheet  was 
free  to  rotate  about  the  line  of  contact.  The  tests  were  conducted  at  a 
constant  relative  velocity  of  1  cm/s.  The  results  of  that  study  are 
shown  in  Figure  5  along  with  the  results  of  theoretical  analysis  for  a 
particular  ratio  of  structure  width  to  characteristic  length.  The  over¬ 
all  agreement  between  theoretical  and  experimental  results  Is  good.  The 
dlscrepency  between  the  two  results  may  be  attributed  to  the  varying 
values  of  structure-wldth-to-characterlstlc-length  (B/L)  ratios  In  the 
expe  rl raents . 

Using  the  results  of  Sodhi  (1979),  plots  of  nondimens lonal  buckling 
loads  versus  wedge  angle  a  are  given  In  Figure  6  for  different  boundary 
conditions  at  the  Ice/structure  Interface  and  for  difficult  ratios  of 
structure  width  to  characteristic  length  (B/L). 


Q, Included  Angle 

Figure  5.  Plot  of  non— dimensional  buckling  load  versus  wedge- 
angle  a.  The  solid  and  dashed  lines  represent  theoretical 
results  for  a  ratio  of  structure  width  to  characteristic 
length  equal  to  4.3.  See  Figure  4  for  explanation  of  symbols 
(from  Sodhi  and  Adley,  1984). 
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a,  Included  Angle 

Figure  6.  Plot  of  non-dimensional  buckling  load  (P/BKL^) 
versus  Included  angle  (a)  for  different  boundary  conditions 
at  the  ice/st ructure  Interface  and  for  different  ratios  of 
structure  width  to  characteristic  length  (B/L) .  See  Figure 
4  for  explanation  of  symbols  (from  Sodhi  and  Adley,  1984). 
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.\ii'  ’  i;i  ;  :e  is  pushed  against  two  or  more  verLicai  cylLadrlcal 

■  i*  '  I't  -  ,  '.nay  he  individual  zones  of  buckling  around  each  struc- 

'  i’*  f  c  Mihi-ied  zone  of  buckled  ice  sheet  across  two  or  more  st.ruc- 
' ij  Sojtii  (  l934)  conducted  experiments  by  pus!ifng  a  pair  of 
L  c  a  1  v.'rtica!  structures  through  model  urea  ice.  They  foLind  a 
t,;:ee:ii, -it  'letweeo  t  lieo  re  t  i  ca  1  and  experimental  resLilts  wlien  there 
..as  a  si'ig’.e  ,:o'u-  of  bcckling  around  each  structure.  However,  the  data 
tor  !  he  -e ,)f  huckllng  across  two  structvires  placeil  near  eacii 
other  was  m  ;  i  s  t  on  t  i  v  below  the  theoretical  values.  Wlien  the  width  of 
too  ha.', tied  'c-  sheet  was  taken  to  be  equal  to  the  distance  between 
■  aoitv-rs  ;  rue  structure  diameter,  a  good  agreement  was  fhentl  between 
tho  t  ho..;  re  t  i  .tl  and  experimental  results. 

tb)  Creep  buckling  of  Floating  Ice  Sheets 


"i'olind  (1984)  presented  a  viscoelastic  buckling  analysis  of  beams 
and  Pl,:it.:s  resting  on  .in  elastic  foundation.  He  used  the  nonlinear  creep 
p  ,iwer'  law  to  relate  states  of  stress  to  strain  rate,  and  the  finite 
elemeat  method  to  Integrate  the  equations  with  respect  to  time. 

Sj'Plind  (  1984,  1983)  presented  results  of  a  few  numerical  examples 
on  beam  and  plate  buckling.  The  parameters  chosen  for  the  plate  on 
elastic  foundations  were  ijomewhat  similar  to  those  for  a  floating  ice 
sheet.  in  the  example,  the  ice  sheet  has  a  far-fleld  velocity  of  3.75 
mm /s  and  athickness  of  0.2  m,  interacting  with  a  4-m-dlaraeter  structure. 
.\ithough  the  velocity  considered  in  this  example  Is  much  less  than  that 
ill  any  experi  ment.ll  study,  the  load  between  the  ice  sheet  and  the  struc- 
ire  ieveloped  to  a  maximum  value  and  remained  almost  constant  with  a 
sllgt'.t  decreasing  trend  with  respect  to  maxlmura  deflection.  The  nondl- 
men- 1 ona 1  buckling  load  was  almost  close  to  the  one  from  elastic  buckling 
analysis  for  the  .same  structure-wldth-to-characterlst  Ic-length  ratio  and 
r.u'  the  same  boundary  condition  (fixed,  in  this  case).  This  suggests 
that  w'.i'n  the  far-field  velocity  is  high,  the  resulting  buckling  loads 
re  about  the  same  value  as  the  elastic  buckling  load. 


jblind  showed  that  creep  buckling  of  beams  on  elastic  foundations 


can  lake  place  at  load?  less  than  those  for  elastic  buckling.  Though  It 
was  iMt  shown  explicitly,  it  Is  expected  that  buckling  of  the  ice  sheet 
can  also  t.ake  place  at  in-plane  loads  lower  than  the  elastic  buckling 
load.  !'i  such  c.ises,  the  deformation  of  the  ice  sheet  occurs  over  a  long 

time.  Txamples  of  creep  buckling  of  the  Ice  sheet  may  be  round  in  nature 
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Figure  7  .  Photograph  of  a  buckled  Ice  sheet  near  the 
North  Pole  (,39'^N',  70°W)  in  March/Aprll  1984  (courtesy 
N(ird  Lund  ,  1985)  . 
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when  there  is  steady  pressure  on  Ice  sheet  that  is  prevented  by  an  island 
from  drifting  Figure  7  shows  a  photograph  of  a  buckled  floating  ice 
sheet  (Nordlund,  1985)  that  was  taken  near  the  North  Pole  (89°N,  70°W)  in 
March, 'Apri L  1984,  during  the  Finnish  expedition  to  the  North  Pole  on  skis 
(Nordlund  et  al.,  1985).  The  buckled  ice  sheet  had  an  amplitude  from 
trough  to  crest  of  approximately  1-6  m  (5  ft).  The  following  description 
was  provided  to  the  author  by  Nordlund:  "The  Ice  was  very  plastic  at  an 
air  temperature  of  approximately  -40°C.  There  were  no  cracks  In  the  Ice 
and  there  was  no  water  on  the  Ice.”  This  description  suggests  that  the 
Ice  sheet  may  have  undergone  creep  deformation.  Though  Ice  thickness  was 
•not  measured,  it  was  thi^k  enough  to  support  four  persons  with  their 
sledges.  Tliat  a  floating  ice  sheet  can  buckle  to  such  high  amplitude 
without  cracking  is  noteworthy.  An  important  point  to  note  is  that, 
should  the  far-fleld  stress  Increase  suddenly,  such  a  buckled  Ice  sheet 
may  fall  easily  In  continued  bending  or  buckling,  possibly  starting  to 
build  a  ridge. 

5.  SUMMARY 

Most  of  the  work  related  to  ice  forces  due  to  the  bending  and  buck¬ 
ling  failure  of  the  ice  sheet  has  been  small-scale  experimental  studies 
to  verify  existing  theoretical  results.  A  few  theoretical  studies  and 
one  or  two  field  studies  were  conducted. 

In  bending  failure,  most  of  the  work  lias  been  done  on  the  determina¬ 
tion  of  Ice  forces  from  sheet  Ice  and  ridges  against  conical  structures. 
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Bending  failure  against  sloping  structures  has  been  studied  both  theo¬ 
retically  and  experimentally.  When  the  Ice  velocity  is  high,  the  failure 
mode  during  the  Interaction  of  an  ice  sheet  with  a  sloping  structure  is 
crushing  or  shear  and  not  bending  as  might  have  been  expected.  There  is 
a  need  to  study  this  problem  because  a  change  in  failure  mode  can  Induce 
forces  that  'nay  exceed  the  intended  design  forces  for  bending  failure. 

In  buckling  failure,  the  results  of  an  experimental  study  were 
reported  in  which  overall  agreement  was  found  between  buckling  loads  from 
experiments  and  linear  buckling  analysis.  Later,  more  experimental  and 
theoretical  studies  were  conducted  to  determine  dynamic  buckling  loads  of 
floating  Ice  sheets  and  buckling  loads  of  wedge-shaped  floating  Ice 
sheets.  An  Important  contribution  was  made  to  prelict  the  creep  buckling 
load.  This  Is  Important  because  ice  can  deform  considerably  by  creep 
under  low  levels  of  in-plane  load,  as  observed  near  the  North  Pole. 

Should  the  In-plane  force  increase,  it  can  easily  lead  to  failure  of  de¬ 
formed  ice  sheets  resulting  perhaps  in  the  start  of  a  ridge  formation. 

Estimation  of  ice  forces  as  a  result  of  bending  and  buckling  failure 
of  an  ice  slieet  can  be  made  with  a  fair  degree  of  confidence  when  the 
Ice/structure  interaction  leads  to  one  of  the  two  modes  of  failure.  How¬ 
ever,  aore  work  is  needed  to  predict  the  forces  due  to  multimodal  tee 
failure. 
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ABSTRACT 


A  wide  range  of  published  data  on  ice  forces  is  presented,  and  peak 
indentation  pressure  is  plotted  as  a  function  of  (a)  contact  area  and  (b) 
aspect  ratio.  Peak  pressures  appear  to  vary  inversely  wit’i  square  root 
of  contact  area  and  show  some  possible  dependence  on  aspect  ratio.  It  is 
difficult  to  account  for  this  by  arguments  concerning  flaws,  but  an 
explanation  based  on  non-simultaneous  failure  appears  promising. 
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INTRODUCTION 


1 . 

It  is  well  known  that  as  ice  interacts  with  structures  it  displays  a 
pronounced  scale-ettect  (Kry,  1979a;  Iyer,  1983;  Vivatrat  and  Slomski, 
1983;  Sanderson,  1984).  That  is;  peak  pressures  measured  over  small 
areas  such  as  we  test  in  tne  laboratory  (  ~  0.01  are  higher  than  peak 

pressures  over  large  areas  such  as  we  encounter  on  tull-scale  structures 
(~100  m-).  The  first  plot  ot  pressure  as  a  function  of  contact  area  was 
made  by  Danielewicz  and  Metge  (1981). 

Here  I  review  a  large  range  of  published  data  for  indentation  of  ice  and 
plot  it  in  raw  form  as  a  function  of 

(a)  contact  area 

(b)  aspect  ratio 

Both  area  and  aspect  ratio  have  in  the  literature  been  referred  to  as 
being  responsible  for  a  "scale-effect".  They  are  however  quite  different 
effects,  and  although  they  may  both  be  influential  they  must  be 
distinguished . 

2.  INDENTATION  GEOMETRY 

The  data  plotted  are  for  edge  indentation.  The  tests  carried  out  may  be 
divided  into  two  indentation  geometries: 

I.  2-dlaenslonal  indentation  (Figure  la),  in  which  indentation  occurs 
over  the  full  thickness  of  an  ice  sample,  and  the  stress  state  Is 
biaxial . 

II.  3-dlmenslonal  indentation  (Figure  lb),  in  which  a  limited  e;<t'‘nt  of 

the  thickness  is  indented.  In  this  case  the  stress  state  is 

t  r iaxial . 

'■lost  tests  are  of  type  I.  However,  data  from  ice-breakers  and  impact 
hammer  experiments  gener.ally  fall  into  type  IT. 


Figure  1 


indentition  geometries : 


I'aj  Type  I,  2-dimensional  edge  indent  at riiotil 
stress  state. 

(b)  Type  II,  S-dimens  io'^ial  edge  indentation,  triaxi  :i 
stress  state. 

3.  DATA:  I  -  FULL  THICKNESS  INDENTATION 

We  begin  with  data  from  tests  of  type  I,  full  edge  indentation.  The 
pressure-area  curve  for  these  data  Is  shown  in  Figure  2.  This  plot  shows 
peak  pressure  c  (total  force  P  divided  by  contact  area  Dt)  as  a  function 
of  contact  area.  The  data  set  covers  a  wide  variety  of  ice  types  (S-2 
ice,  first  year  sea  ice  and  multi-year  ice)  and  a  wide  variety  of  test 
conditions  (laboratory  edge  indentation,  in  situ  jacking  tests  and 
Interaction  with  lighthouses,  offshore  drilling  structure  and  islands). 
N'one  of  the  data  are  corrected  in  any  way  for  temperature  or  salinity. 
Despite  such  indiscriminate  plotting  of  disparate  data  types  there  is  a 
useful  general  trend,  as  highlighted  by  the  shaded  areas  in  Figure  ). 
Ttie  liata  points  fall  naturally  into  4  principal  clusters,  and  come  from 
t';e  following  data  sources: 

Laboratory  tests 

Tiie'.e  are  small-scale  laboratory  indentation  tests  [lerformed  on 
iiiilorm  bubble-free  S-2.  The  data  come  from  Hirayama  .ind  othtrs 

.'<1  i),  f-rcderking  and  (lold  (1975),  Zabilansky  am*  ‘)Lhe'.'^  (197S), 

Toussaint  (  1977),  Kry  (  1979b),  ^lichel  and  l^lanclu't. 

‘  ,  Hid  Timco  (1986).  They  cover  a  range  of  aspfTt  ratio  (D/t) 

•  )  “1.  Note  that  data  from  Kry  (  1979a)  are  not  inc'luded  in 


Figure  2  Plot  of  peak  indentation  pressure  against  aontact  area 

for  type  I  indentation  geometry.  Ice  types  as  in  key. 


li.jhthousp.s  and  bridge  D:  Meso-scale 


Figure  2,  since  they  were  performed  with  ice  adfrozen  to  the 
indentor-  They  are,  however,  plotted  in  Figure  3. 

B.  Medium-scale  tests 

These  include.  various  in  situ  jacking  tests  performed  on  floating 
first  year  sea-ice,  such  as  the  "Nutcracker"  tests  (Croasdale,  1970, 
1971),  the  Exxon  large-scale  strength  tests  (Lecourt  and  Benze, 
1980,  1981)  and  Inoue  and  Koma  (1985);  tests  on  floating  freshwater 
lake  ice  (Croasdale,  1971;  Taylor,  1973;  Miller  and  others, 
1974;  Nakajima  and  others,  1981);  measurements  on  river  bridge 
piers  (Lipsett  and  Gerard,  1980);  and  sea  ice  data  from  lighthouses 
(.Maattanen  1981;  Engelbrektson,  1983)  and  Cook  Inlet  structures 
(Blfc-i)karn,  1970). 

C.  Full-scale  Islands 

This  data  group  comes  from  Beaufort  Sea  artificial  islands 
surrounded  by  floating  first-year  ice  (Metge,  1976;  Strilchuk, 
1977  ;  Johnson  and  others,  1985)  and  from  the  first  (1980)  Hans 
Island  programme  (Danielewicz  and  Metge,  1981).  Data  from  the 
second  and  third  Hans  Island  programmes  (Danielewicz  and  Metge, 
1982;  Danielewicz  and  Cornett,  1984)  are  at  present  still 
proprietary  but  may  of  course  be  added  to  the  plot  as  they  become 
aval lable . 

D.  Meso-scale  models 

In  the  course  of  modelling  the  large-scale  dynamics  of  the  Arctic 
Ocean  and  its  ice  cover  it  is  necessary  to  make  assumptions  about 
tlie  gross  "compressive  strength"  of  polar  pack  ice  (Pritchard,  197  7  , 
i980;  Hibler,  1980a,  1980b).  The  models  used  are  generally  based 
in  a  grid-size  of  40-125  km,  in  which  ice  movement  is  modelled  as  a 
iinirtioii  f)f  wind  and  sea  current.  Compressive  strengtli  (load  per 
unit  length  of  ice  rover)  is  a  parameter  which  can  be  adjusted  in 
td.T  fo  ohfaln  a  plausible  match  with  observed  beliaviour.  Valui's 


ihi  u'  I'  d  in  this  way  are  generally  In  tlie  range  5  x  10  '  -  Id'  Nit.  ■  , 
•  I'll  rut. 'I'  t"  pack  ice  of  highly  v, Triable  thickness.  In  genur.il  the 


I  « 


mean  ice  thickness  lies  in  the  range  2.6  -  4.0  m,  though  it  Is 
likely  that  ice  strength  is  controlled  by  areas  of  thinner  ice 
(Rothrock,  1975).  It  is  not  clear  over  what  distance  the  large- 
scale  ice  strength  is  effectively  averaged  (Croasdale,  1984)  but  for 
present  purposes  we  shall  assume  a  length  equal  to  the  model  grid- 
size  spacing.  Thickness  is  assumed  equal  to  average  thickness, 
yielding  areas  of  the  order  10^  Ice  strength  values  are  plotted 

from  Pritchard  (1977,  1980),  Hibler  (1980a,  1980b)  and  Tucker  and 

Hibler  (1981).  Because  there  is  considerable  doubt  over  the  ice 
thickness  and  distance  scale  to  which  these  results  refer,  the  data 
points  used  have  been  plotted  with  error  bars  representing  a  range 
of  a  factor  of  2. 


4.  DATA:  II  -  TRIAXIAL  INDENTATION 

Tests  involving  icebreakers  and  impact  hammers  generally  involve  a  degree 
of  triaxial  confinement:  they  are  of  type  II,  and  involve  geometry 
resembling  that  of  Figure  1(b).  Pressures  measured  during  such  tests 
might  be  expected  to  be  higher  than  those  of  type  I.  Figure  3  shows  a 
variety  of  such  tests  superimposed  on  the  general  trend  of  the  data 
groups  of  Figure  2.  The  data  sources  are  as  follows: 

E.  Icebreakers  and  Impact  hammer 

Data  are  included  from  icebreakers  impacting  first-year  ice  (St. 
John  and  Daley,  1984;  St.  John  and  others,  1984;  Kujala  and 
Vuorio,  1985)  and  impacting  multi-year  ice  (Ghoneim  and  Keinonen, 
1983;  Glen  and  Blount,  1984;  St.  John  and  Daley,  1984;  St.  John 
and  others,  1984;  Edwards  and  others,  unpublished).  Results  are 
also  plotted  for  impact  hammer  tests  (Glen  and  Comfort,  1983). 

In  addition,  I  have  added  to  this  plot  the  data  from  Kry  (1979a),  in 
which  tlie  ice  was  adfrozen  to  tiie  indentor. 

5.  DISCUSSION:  ASPECT  RATIO  OR  SCALE  ? 

The  plots  ot  failure  pressure  versus  contai't  area  (Figures  2  and  3) 
piujviJe  an  appiireiUly  clear  picture  of  scale  dependence.  Tlie  addition  of 


points  derived  from  icebreaker  tests  (Figure  3)  only  slightly  alters  the 


picture:  as  expected,  at  small  contact  areas  while  indenting  thick 
multi-year  ice  (Glen  and  Blount,  1984),  high  degrees  of  confinement  occur 
and  lead  to  higher  local  pressures.  In  general  an  upper  bound  curve  with 
dependence  of  approximately 

J  “ 

provides  an  empirical  fit  to  the  data,  at  least  for  contact  areas 
exceeding  0.1  m^.  A  line  of  this  slope  is  shown  in  Figure  3. 


We  see  that  for  all  tests  carried  out  at  full-scale  on  islands,  (group  C, 
areas  exceeding  100  m'^),  measured  pressures  have  been  less  than  1  MPa, 
10-100  times  less  than  those  at  laboratory  scale. 


The  question  arises,  could  this  instead  be  an  effect  of  aspect  ratio 
rather  than  size?  The  answer  is  unfortunately  not  clear-cut.  Figure  4 
shows  all  the  data  of  the  pressure-area  curve  (Figure  2)  plotted  instead 
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as  a  function  of  aspect  ratio  D/t.  The  picture  is  more  confused  than 

that  of  Figure  2,  but  again  shows  a  perceptible  trend,  with  pc-ak 

pressures  generally  falling  off  with  Increasing  aspect  ratio. 

It  is  not,  however,  an  unambiguous  dependence  on  aspect  ratio,  since  the 
only  points  available  for  very  high  aspect  ratio  (D/t  greater  than  10(J) 
happen  also  to  be  points  from  very  large  size  tests  (areas  exceeding 
100  ra-) .  This  can  be  seen  in  Figure  5,  where  the  points  of  Figure  4  are 

subjected  to  the  same  grouping  (A,  B,  C  and  D)  ,  as  in  Figure  3.  The 

results  from  Kry  (1979a)  are  also  included.  The  following  points  emerge: 

1.  Data  groups  C  and  D  show  generally  lower  pressures  than  groups  A  and 
B,  but  it  is  ambiguous  whether  this  is  due  to  higiier  aspect  ratio  or 
to  large  contact  area. 

2.  Aspect  ratio  is  certainly  not  the  only  factor  responsible  for  tin 

stress  reduction  observed.  For  instance,  at  aspect  ratio 
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approximately  10,  peak  stresses  anywhere  between  0.05  MPa  and 
6.5  MPa  are  observed  -  and  the  lower  stresses  are  generally 
associated  with  Increasing  contact  area. 

3.  The  data  from  Kry  (1979a),  in  which  ice  was  adfrozen  to  the 
indentor,  appear  not  to  show  any  dependence  on  aspect  ratio.  This 
is  significant  and  lends  weight,  as  we  shall  see  in  Section  6,  to 
the  argument  that  scale  effects,  whether  as  a  function  of  size  or  of 
aspect  ratio,  may  be  due  to  effects  of  imperfect  contact  and  non- 
siraultaneous  failure. 

6.  THEORETICAL  BASIS  FOR  SCALE  EFFECTS 

b . 1  Flaws 

It  is  easy  to  call  up  general  arguments  to  demonstrate  why  a  brittle 
material  such  as  ice  should  display  a  scale  effect  (Iyer,  1983; 
Sanderson,  1984;  Bazant  and  Kim,  1985).  The  arguments  generally 

concern,  eitlter  explicitly  or  implicitly,  the  existence  of  flaws  in  the 
material,  and  tacitly  make  the  assumption  that  flaws  increase  in  size  as 
sample  size  increases.  The  sample  thus  becomes  weaker.  It  is  worth 
making  it  perfectly  clear  what  these  assumptions  are,  since  they  are 
"ft  en  iti  dden  . 

"iisi  ler  tlie  compressive  failure  of  a  laboratory  sample  of  ice  containing 
.  ii'pulatioii  of  flaws.  The  flaws  may  be  micro-cracks,  grain  boundaries, 
r  in.'  "'tiler  i  m  [lo  r  f  ec  t  ion  which  is  sitown  to  behave  as  a  flaw.  The  theory 
p’  "inpt  ens  i '.e  trai'ture  of  a  flawed  sample  is  given  by  Hallam  (  1986,  this 
"1  I'p  1.  !  >r  illustration  let  ns  suppose  the  sample  to  be  cubic  of  side 
■  ,  t  p  h  iv.-  ri-gulnr  flaws  of  size  1  ram  and  a  compressive  strength  of 
"!  I-  Pie  sample  is  tlien  tested  under  uniaxial  compression.  A 
,  t  this  inaf;n  i  t  iide  'an  be  explained  quite  well  by  linear  elastic 

'  I '  '  p  I  •  ,.'1111'.  I  Ha  1  1  ai:i  ,  ’  9Hh  )  . 

'  ■  i-  '  III.;'  an  ideal  I  al  test  Is  pertormed  .)n  a  sample  100  times 
'  •  •  I  ,  iw"  'ilaip'l*'  assumptions  which  can  be  made  about 

Pn'.'  al'-  'ihiwn  in  tiy,iire  tea)  .ind  (b). 


Figure  6 


Sealing  assumptions:  (a)  Material  remains  uniform 


(h)  Geometric  scaling  of  sample  and  material 
(c)  Statistical  distribution  of  flaws 


(a)  Constant  flaw  size 

Firstly,  assume  that  the  material  of  which  the  sample  is  made  really 
remains  precisely  the  same  (Figure  6(a))  and  continues  to  contain  a 
population  of  regular  flaws  of  size  1  mm.  In  this  case,  a  simple 
fra(  Lure  mechanics  analysis  would  show  tliat  the  compressive  strength 
reir.aineci  unchanged,  at  10  MPa:  flaws  remain  the  same  size  and  so  the 
stress  required  to  (propagate  them  remains  the  same. 

'  ’> !  Geoaetric  scaling 

r,  in,;e,(l,  M:,'  whole  sarnple  Is  strictly  scaled  up  geometrically,  its 

I  ■  ti.ns  incliidi'd  (Flgiire  t,(t)))^  then  thi-  larger  sample  will  contain 


flaws  100  times  larger,  that  is,  100  mm  long.  In  this  case  a  fracture 
mechanics  analysis  (or  indeed  a  simple  dimensional  analysis)  will  show 
that  if  the  linear  dimensions  of  the  sample  increase  by  a  factor  X  then 
the  fracture  strength  will  decrease  by  a  factor  X  ,  (see,  for  instance, 
Bazant  and  Kim,  1985).  The  strength  of  the  sample  should  therefore 
decrease  by  a  factor  of  10.  Although  this  is  a  convenient  demonstration 
of  a  strength  reduction  of  the  order  required,  it  is  facile  to  claim  that 
it  is  a  true  explanation,  for  use  of  the  geometric  scaling  law  contains 
the  bold  physical  assumption  that  a  larger  sample  contains  larger 
flaws.  This  may  in  fact  be  true,  but  if  it  is,  it  requires  experimental 
proof  and  cannot  just  be  assumed.  It  would  in  fact  be  most  odd  if 
doubling  sample  size  automatically  precisely  doubled  flaw  size:  it 
actually  implies  that  the  material  has  changed.  Nonetheless,  it  is 
Interesting  to  note  that  this  explanation  is  still  not  quite  sufficient 
to  explain  the  observed  reduction  of  stress  with  area:  simple  scaling 

would  imply 

-t  _  1/ 

0  “  X  ^  or  A 

while  in  fact  we  observe  approximately  (as  in  Figure  3) : 

0  A  ^ 


(c)  Statistical  effects 


Another  class  of  scaling  is  shown  schematically  in  Figure  6(c).  This 
contains  tiie  more  realistic  starting  assumption  that  any  material 
contains  a  statistical  population  of  flaws  of  various  sizes.  On 
selecting  a  sample  of  larger  size  tiiere  is  then  a  higher  chance  of  it 
containing  flaws  from  the  tail-ends  of  the  statistical  distribution. 
There  is  thus  a  higlier  rhanc*:  of  it  containing  larger  flaws.  This 
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where  b  Is  a  statistical  parameter  characterising  the  flaw  size 
distribution.  In  terms  of  area  A  “  this  reduces  to 


o  “  A 


So  by  experiment  b  is  of  the  order  of  3  if  the  Weibull  treatment  is 


appropriate . 


This  is  consistent  with  values  of  2-5  experimentally 


determined  by  Gold  (1972). 

Again,  the  statistical  argument  summarised  here  needs  both  further 

development  and  the  provision  of  proof  that  flaws  really  do  exist  and 
behave  in  an  appropriate  statistical  fashion. 

It  is  worth  looking  at  the  approximate  flaw  sizes  required  for  the 
argument  to  work: 

(i)  Small-to-medlum  scale  tests  (groups  A  &  B  of  Figure  3)  show 
failure  pressures  of  approximately  10  MPa.  Assume  that  failure 
is  controlled  by  flaws  of  size  approximately  1-5  mm  (this 
corresponds,  for  Instance,  to  grain  size). 

(ii)  Large  scale  tests,  group  C,  show  failure  pressure  of 
approximately  0.5  MPa  -  a  20-fold  reduction.  On  a  simple 
fracture  mechanics  argument,  this  would  be  achieved  by  flaws  400 
times  as  big,  or  in  the  range  40-200  cm.  There  is,  however,  no 
positive  evidence  that  a  sufficiently  large  number  of  flaws  of 
this  size  do  Indeed  exist  in  naturally  occurring  first-year  and 
multi-year  ice  covers.  If  the  argument  from  flaws  is  to  be 
believed,  the  existence  of  these  flaws  needs  to  be  established. 


(ill)  Meso-scale  models,  group  D,  show  strength  of  the  order  0.01  MPa, 
or  1,000  times  less  than  groups  A  &  B.  This  would  imply  flaws  of 
size  1-5  km.  Large  as  this  may  seem,  it  is  actrially  quite 

realistic,  since  on  the  scale  of  the  entire  Arctic  Ocean,  it  is 
likely  that  open  leads  and  individual  floes  of  size  several 
kilometres  do  indeed  behave  as  flaws.  Any  flight  across  the 
Arctic  Ocean  wl’l  confirm  that  a  sufficient  number  of  such  flaws 
apparently  exist. 
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simultaneous  failure  (Kry,  1980;  Slomski  and  Vivatrat,  1983).  These 
analyses  make  use  of  the  hypothesis  that  large-scale  failure  occurs  by 
successive  fracture  of  Independent  zones  (Figure  7a).  The  treatment  is 
probabilistic  and  looks  at  the  statistical  sum  of  individual  stress  time 
series  for  a  large  number  of  zones.  The  statistical  sum  results  in  a 
"smearing"  of  peak  stresses  and  the  conclusion  that  peak  stresses  over  a 
large  multi-zone  area  should  be  lower  than  over  the  area  of  a  single 
zone.  The  manner  of  the  reduction  depends  on  the  details  of  the 
statistics  used. 

More  recently,  Ashby  and  others  (1986)  have  presented  an  alternative 
approach  to  non-simultaneous  failure  which  is  based  on  a  simple 
mechanical  argument  and  backed  up  by  experiments  with  brittle  foams.  As 
we  shall  see,  it  gives  a  realistic  dependence  on  contact  area.  I 
emphasize,  however,  that  the  argument  is  simplistic,  and  makes 
assumptions  which  require  experimental  support.  It  proceeds  as  follows. 

Consider  an  irregular  block  of  thickness  t  in  contact  with  an  indentor  of 
width  D  (Figure  7).  Assume  that  it  can  be  idealised  as  a  set  of  cubical 
independent  cells  of  dimension  L.  As  each  cell  comes  into  contact  with 
the  indentor,  assume  that  a  distance  A  can  be  moved  before  the  cell  fails 
(this  might  correspond  to  critical  displacement  before  flexural  failure 
or  to  critical  strain  before  crushing  failure  -  it  does  not  matter).  Let 
the  average  force  during  this  period  of  contact  be  Fj^  over  the  area  of 
the  cell  concerned.  Now,  the  probability,  p  of  a  particular  cell  area 
being  in  contact  is 


p  =  A/L 

(where  A  is  very  much  less  than  L,  so  that  p  is 
area  of  contact  A  =  Dt ,  the  number  of  cell  areas  n 

n  =  A  / 1. " 
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Figure  7  (a)  Non-si mltaneous  failure 

(b)  detailed  geomtrical  assurrptions  and  definitions 
for  analysis  hy  Ashby  and  others  (1986). 

and  the  standard  deviation  Is  approximately  (np)^.  If  we  take  the  3- 
standard  deviation  level  as  a  reasonable  extreme  case,  the  maximum  number 
of  areas  simultaneously  In  active  contact  is  approximately: 

np  +  3(np)^  (2) 


them).  Xonetheless ,  this  does  seem  to  present  a  plausible  model  of 
observed  behaviour.  Note  that  for  very  large  contact  areas,  the  stress 
Levels  off  (here,  to  approximately  0.33  MPa),  which  is  rather  higher  than 
that  found  in  moso-scale  models. 

The  model  has,  however,  many  shortcomings,  and  should  not  be  regarded  as 
<1  complete  explanation-  Its  defects  are: 

1.  No  satisfactory  physical  description  of  the  zonal  failure  process  is 

given:  th.e  model  is  purely  meclianlcal . 

2.  It  is  assumed  that  a  failed  zone  clears  perfectly,  allowing  a  drop 
to  zero  stress. 

3.  The  v.ilue  of  h  has  been  fitted:  work  is  needed  to  derive  It  as  a 

function  of  a  physical  model  of  failure  (for  instance  flexure). 

4.  Tl;e  statistical  approach  to  peak  stress  is  arbitrary:  the  selection 

of  3  standard  deviations  from  the  mean  needs  justification  or 

re  f I neraent . 

6 . 3  Non-slaultaneous  failure  -  aspect  ratio  effect 


UOSKING  GROUP  ON  ICE  FOSCESi  STATE-OF-THE-ART  REPORT 
(TRDXU)  COLO  REGIONS  RESEARCH  AND  ENGINEERING  LAO 
HANOVER  NH  T  J  SANDERSON  SEP  07  CRREL-S7-17 

F/G  0/12 


UNCLASSIFIED 


0  -  3  i  (  1  +  3 


(5) 


or,  in  terms  of  thickness  and  contact  area: 

o  =  3  X  (  1  +  3  )  (6) 

Equation  (6)  generates  a  family  of  pressure  area  curves  for  different 
values  of  thickness  t.  For  Illustration,  four  of  these  curves  are  shown 
in  Figure  9(b),  for  thicknesses  0.01,  0.1  1.0  and  10  ra.  They  are 

compared  with  Figure  9(a)  which  shows  data  groups  of  the  pressure  area 
curve  classified  in  the  same  manner  according  to  thickness.  It  can  be 
seen  tha'.  there  is  a  plausible  resemblance  between  theoretical  curves  and 
the  data  set,  but  some  significant  departures: 

1.  Very  high  pressures  (15  MPa)  are  predicted  for  thick  ice  (1-10  m) 
over  areas  of  (1-100  m*^).  Such  pressures  have  not  been  observed, 
though  this  may  be  due  to  absence  of  data. 

2.  Poor  agreement  is  apparently  obtained  for  very  small  areas 
(thickness  0.01  m  and  areas  lO”**  -  10~^  m^).  Predicted  pressures 
are  too  low. 

There  is  obviously  room  for  more  Investigation  here.  Non-slraultaneous 
failure  appears  to  be  a  fruitful  line  of  explanation,  but  many  questions 
remain  unanswered. 


7.  CONCLUSIONS  AND  RECOMMENDATIONS 

1 .  Experimental  evidence  from  a  wide  range  of  sources  shows  that 
ice  failure  pressure  is  strongly  size-dependent. 

2.  Peak  pressures  appear  to  be  proportional  to  approximately  the 
inverse  square  root  of  contact  area. 

3.  Some  dependence  on  aspect  ratio  is  also  apparent,  but  aspect 
ratio  effects  alone  cannot  account  for  the  scale  dependence 
observed . 
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We  can,  for  illustration,  now  put  reasonable  constants  into  this  equation 
and  fit  it  to  the  observed  data.  First,  suppose  L  ~  1  ra,  which  is  the 
order  of  size  of  ice  fragment  typically  observed  in  the  Arctic  after  a 
failure  event.  Secondly,  assume  that  Fj^,  the  force  required  to  fall  a 
single  cell  area,  is  15  MN  (a  pressure  of  15  MPa,  as  generally  observed 
for  data  groups  A  &  B) .  Now,  we  know  that  for  area  A  =  200  m*'  the  peak 
stress  is  approximately  0.8  MPa  (group  C).  Substituting  into  F.quation  3, 


we  can  infer  that  we  need  A  =  0.02  m,  or  2  cm.  This  represents  the 


distance  a  cell  can  move  before  failure,  and  2  cm  seems  a  reasonable 


value.  The  resulting  formula  is  then 


0.33  '  1  + 


which  is  valid  for  A>''L^.  For  areas  less  than  or  equal  to  L  we  expect 


pressure  of  the  order  of  a  single  zone  failure  pressure,  or  15  MPa.  This 
resulting  theoretical  curve  is  shown  in  Figure  8,  plotted  over  the  data 
of  Figure  2.  Note  that  the  treatment  is  not  strictly  valid  for  A 


It  will  be  seen  that  it  agrees  well  with  the  observed  data  (which  is  not 
very  surprising,  since  it  is  to  a  large  degree  empirically  fitted  to 
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Aspect  vatio  effects: 


(a)  Pressure  area  cu^ve  data  grouped  accordinc. 
ranges  of  ice  thickness. 


(b)  A  set  of  theoretical  curves  derived  on 
assurrption  that  ice  fails  in  units  of  size  of 
order  of  the  ice  thickness,  t,  in  mt'f'es. 
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Arguments  concerning  flaws  require  the  existence  of  large 
flaws.  If  the  arguments  are  to  be  taken  seriously,  the 
existence  of  the  flaws  must  be  demonstrated. 

5.  A  simple  mechanical  argument  based  on  non-slmultaneous  failure 
provides  a  plausible  explanation.  However,  It  Is  In  need  of 
refinement  and  physical  verification. 

6.  Gaps  In  the  data  set  exist  In  two  ranges  of  contact  area: 

(I)  0.01  -  0.1  m2 

(II)  5  -  100  m2 

Experiments  should  be  performed  to  fill  these  gaps 
especially  in  range  (11). 

7.  In  order  to  resolve  the  question  whether  size  or  aspect  ratio 
is  responsible  for  the  scale  effect.  It  Is  deslreable  to  have 
tests  performed  at  large  size  (~  100  ra2)  but  low  aspect  ratio 
(1  or  2).  Unfortunately  this  may  not  be  tei.  mlcally  feasible. 
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ABSTRACT 


The  problem  of  scouring  by  icebergs  and  ridge  keels  is  of  concern  in 
the  planning  and  design  of  seabed  installations  for  the  offshore  oil 
industry.  Side  scan  sonar  surveys,  observations  using  manned 
submersibles ,  evaluation  of  the  geological  and  geotechnical  properties, 
and  mathematical  and  physical  modelling  of  the  scour  processes  are  some 
of  the  methods  currently  used  for  understanding  the  problem  of  iceberg 
scours.  The  different  postulations  of  scour  mechanics  and  the  results  of 
observations  in  ditferent  geological  environments  are  reviewed  in  this 
paper.  Iceberg-seabed  interactions  also  induce  forces  under  the  keel 
which  create  additional  stresses  on  structures  buried  below  the  zone  of 
maximum  observed  scours.  This  is  an  area  of  research  to  be  pursued.  A 
brief  review  is  given  on  the  ongoing  DIGS  (Dynamics  of  Iceberg  Grounding 
and  Scouring)  experiments. 
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Lceber^  scours  are  observed  over  much  of  the  Canadian  Atlantic 
CA.nt  i  nc-nial  slieli.  iceberg  interaction  with  the  seabed  to  create  linear 
scour  marks  was  hypothesized  by  Charles  Darwin  (1S55)  and  has  been 
identifieJ  in.  the  offshore  by  the  development  of  sidescan  sonar 
techncLogy  in  the  1970' s.  Iceberg  scour  marks  ai)pear  in  the  form  of 
linear  to  curvilinear  furrows  and  as  pits,  and  occur  over  the  entire 
eastern  Canadian  continental  shelf  from  Baffin  Bay  to  the  Scotian  Shelf 
down  to  water  depths  of  greater  than  700  m.  These  marks  vary  markedly  in 
size  and  morphology  and  can  occur  as  seabed  furrows  up  to  200  m  wide,  10 
m  deep  and  over  10  km  in  length. 

Ice  scours  are  formed  by  one  of  two  agents  which  are  significant  in 
seabed  disturbance'  -  icebergs  and  sea  ice  pressure  ridge  keels. 

ice  ridges  originate  from  the  rafting  of  sheets  of  sea  ice  under 
pressure,  w'n  i  c.h  produce  keels  of  a  few  metres  to  a  few  tens  of  metres 
deep.  These  rareiy  exceed  40  m  depth  even  in  Arctic  Ocean  waters.  Thus, 
they  are  3ipnifi.:ant  in  seabed  disturbance  on  shallow  continental  shelves 
and  in  nearshore  waters  (Pelletier  and  Shearer  1972,  Reirani tz  and  Barnes 
;974,  Kovacs  and  Mellor  1974,  Wadhams  1975,  Shearer  and  Blasco  1975, 
l.ewi.s  19/H,  WahJgren  1979,  Vilks  1979,  Reimnitz  and  Kempena  1982,  Weeks 
ec  aJ  1981).  On  the  other  hand,  thick  glaciers  and  ice  shelves  which 
caivc  in  deep  voters  produce  large  icebergs  with  drafts  commonly  in  the 
range  of  I '.)0  to  Z'lO  m  (Dinsmore  1982,  Hotzel  and  Miller  1983)  or  even 
larger  (Murray  1969).  These  keels  are  the  principal  agents  for 
ice-related  disturbance  of  sediments  on  the  offshore  banks  of  eastern 
Canada  (Fig.  1).  The  resultant  scours  have  been  defined  from  sidescan 
st.nar  records  on  the  Scotian  Shelf  (King  1980),  the  western  Grand  Banks 
'King  1976),  not thwestern  Grand  Banks  (Amos  and  Barrie  1980,  Fader  and 
King  1981,  l.ewis  and  Barrie  1981)  Belle  Isle  Bank  and  tlie  Labrador  Shelf 
(Harris  and  .loilynore  1984,  Custajtis  1979,  Barrie  1980,  Josenhans  and 
Barrie  1982,  Syvitski  et  al  1983  ,  Pereira  et  al  1  985).  On  t  lie  Antarctica 
siie!!'  aiso,  sirOiar  scours  are  found  (e.g.  Orheiin  et  al  19/9,  lien  i9Sl). 
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understanding  of  the  mechanics  of  iceberg  scouring. 

The  analysis  of  change  in  scour  morphology  is  important  for  several 
fundamental  reasons.  Firstly,  the  dimensions  of  many  scour  marks  are 
used  in  statistical  analysis  for  determining  the  mean  of  extreme  scour 
penetrations  and  for  iceberg  scour  return  periods.  Morphological 
dimensions,  such  as  depth  and  width,  determined  from  acoustical 
geophysical  records,  will  be  in  error  due  to  degradation  unless  the 
processes  can  be  quantified.  Secondly,  scour  marks  can  act  as  benchmarks 
against  known  processes  of  sediment  erosion.  This  analysis  may  be 
undertaken  by  examining  the  interrelationship  of  scour  marks  and 
sedimentary  bedform  features;  subsequently,  the  age  of  a  scour  can  be 
determined  from  the  age  of  the  bedforms.  Alternatively,  sediment 
transport  can  be  quantified  if  the  scour  mark  is  of  known  age.  These 
techniques  are  useful  in  examining  both  the  modern  scouring  and  its 
setting  in  terms  of  the  sediment  dynamic  regime.  Thirdly,  ancient  scour 
populations  may  degrade  to  such  an  extent  that  only  residual  features  or 
turbate  is  left,  and  these  are  a  key  to  their  origin. 

A  study  of  the  mechanics  of  ice-seabed  interaction  is  necessary  for 
estimating  the  maximum  design  burial  depths  for  seabed  installations.  A 
mathematical  analysis  of  the  scour  mechanics  is  also  relevant  in 
establishing  the  validity  of  the  measured  depths  of  modern  scours 
vis-a-vis  the  largest  icebergs  observed,  the  geotechnical  and  geological 
properties  of  the  seafloor,  the  general  bathymetry,  the  environmental 
forces,  and  the  bottom  dynamics. 


MECHANICS  OF  SCOURING 

When  an  ice  keel  comes  in  contact  with  the  seafloor,  it  may  either 
become  grounded  and  cease  to  move  on,  or  if  the  environmental  driving 
forces,  dominantly  currents  or  pressure  from  the  surrounding  sea  ice  can 
overcome  seabed  resistance  to  ploughing,  the  entrenched  berg  may  continue 
forward  to  create  a  flat-bottomed  trough  that  is  commonly  referred  to  as 
a  scour. 

Several  hypotheses  have  been  suggested  for  the  mechanics  of 
iceberg-seabed  interaction  and  formation  of  scours.  One  such  hypothesis 
(Chari  and  Allen  1972,  Chari  1975)  is  that  deepest  scours  will  occur  when 
the  seabed  has  a  low  shear  strength  (Fig.  2)  and  the  iceberg  is 
relatively  very  strong.  The  scouring  process  was  modelled  as  a  up-slope 
ploughing  phenomenon  (Fig.  3)  in  which  the  soil  in  front  is  heaved  up  in 
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a  series  of  passive  failure  rupture  surfaces  and  displaced  to  the  sides 
as  the  iceberg  progressively  moves  forward.  When  the  kinetic  energy  is 
dissipated,  Che  iceberg  becomes  grounded.  Several  retinements  have  been 
made  to  the  above  hypotiiesis,  to  take  into  account  the  hydrodynamic  drag 
of  the  currents  (Chari  1979  ,  Lopez  et  al  1981)  and  the  type  of  seabed 
sediments  (Chari  and  Peters  1981,  Chari  and  Green  1981).  A  similar 
analytical  study  has  been  published  with  some  refinement  to  the  soil 
model  and  with  particular  reference  to  the  sea  ice  keels  in  the  Beaufort 
Sea  (Fenco  1975,  Kivisild  1981). 

The  above  type  of  soil-iceberg  interaction  has  also  been  extensively 
verified  through  physical  laboratory  models  (Chari  1975,  Arctec  Canada 
1980,  Green  1984,  Prasad  1985).  The  long  flat-bottomed  scour  trenches 
observed  on  the  seabed  with  raised  shoulders  on  both  sides  can  be  easily 
explained  by  the  foregoing  theory.  The  forces  transmitted  into  the  soil 
by  Che  passing  keel  were  also  estimated  (Green  and  Chari  1981,  Green  et 
al  1983)  so  that  seabed  installations  could  be  designed  for  these  forces 
or  buried  below  the  zone  of  iceberg  influence. 

From  Che  perspective  of  design  engineers  requiring  a  knowledge  of 
absolutely  safe  burial  depths  below  which  a  modern  iceberg  should  not 
scour,  this  hypothesis  is  likely  to  give  a  satisfactory  answer.  Some 
variaCions  of  the  up-slope  scouring,  (Fig.  4  and  5)  have  been  discussed 
(Chari  et  al  1980),  but  considered  as  not  critical  for  engineering 
design . 

Side  scan  sonagrams  and  recent  observations  using  a  submersible 
(Barrie  et  al  1986)  show  scour  features  which  are  not  always  rectilinear. 
The  physical  explainatlon  of  these  features  is  a  topic  of  recent  iceberg 
scour  studies. 

When  an  Iceberg  is  drifting  at  a  constant  speed,  it  is  in  a 
steady-state  motion.  Since  there  is  no  relative  velocity  between  the 
iceberg  and  the  environmental  force  field  around,  there  is  no  net  force 
on  the  moving  body.  As  soon  as  the  iceberg  touches  the  seabed  there  is  a 
force  resisting  the  forward  motion  of  the  berg.  As  a  result  of  the 
deceleration  of  the  iceberg,  there  is  a  relative  velocity  between  the 
iceberg  and  the  surrounding  environment.  Forces  are  thus  induced  (Fig. 
6)  Such  as  current  drag,  wind  drag,  and  ice  push  (if  there  is  an  icefield 
around).  The  effect  of  waves  may  be  ignored,  as  these  are  secondary  and 
negligible.  For  a  stable  ii^eberg  which  scours  up-slope,  the  soil 
resistance  will  continually  increase,  the  iceberg  will  gradually  slc-w 
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down,  and  the  env  i  L'oanienta  1  inrees  will  also  pi  og  tess  i  1  y  increase. 
When  the  iceberg  is  iinally  gronndod,  the  seabed  resistance  will  be 
equal  to  the  environmental  ;  orces  (I'ig.  7). 

icebergs  continually  undergo  melting  and  assume  new  positions  ol 
equilibrium.  It  an  iceberg  is  close  to  instability  Ixiure  contacting  the 
seabed,  it  may  become  unstabie  and  roll  (Fig-  8)  over  as  soon  as  the 
seafloor  uifers  resistance.  Such  an  iceherg  could  create  a  deep  p '  >  .  -“'d 
get  grounded.  It  the  kinetic  energy  ot  rhe  iceberg  is  large  and  the 
depth  of  initial  seabed  iienetration  is  small,  the  iceberg  woiiid  move 
forward  after  creating  a  pit  (tihari  and  L'rasad  i98b).  Tlie  resulting 
ieature  would  be  a  scour  trench  ut  finite  length,  with  a  pit  at  the  head 
of  the  scour  track. 

Sometimes,  parts  ot  an  iceberg  breaK  I'ff  along  natural  cleavage 
planes  in  the  process  of  laelting.  Such  icebergs  may  roll  over  and  llie 
resulting  draft  of  the  iceberg  may  increase  by  as  mucli  as  bU%  (Bass  and 
Peters  1984).  Those  icebergs  could  also  cause  pits  on  the  seafloor 
(Clark  et  ai  1986)  or  a  pit  accompanied  by  a  scour  track. 

The  dynamic  process  ct  rtjli  over  by  an  unstable  iceberg  is  complex. 
Before  the  iceberg  readies  a  new  ecpa  i  1  i  hr  iuni ,  it  will  be  subjected  to 
vertical  harmonic  motions.  ihus,  an  iceberg  whicit  causes  a  deep  pit  as 
soon  as  it  overturns,  may  iollow  through  causing  a  relatively  shallow, 
long  and  flat  scour  track  fFig.  8).  Several  ot'ier  hypotheses  can  be 
postulated  tor  a  rolling  iceberg  based  on  tiie  above  concept,  to  explain 
down-slope  scours,  pit  chains,  aiul  oilier  variations  and  combinations 
thereof.  For  design  purp'OSes,  iceberg  [lits  are  localized  events  and  have 
to  be  assessed  from  stattstual  evatuation  ot  actual  observations  and 
supported  by  other  data  sud;  as  iceberg  sizes,  geotechnical  properties  of 
the  seabed,  and  other  env i ronmcntal  factors  in  that  location. 

The  assumption  ot  an  infinitely  strong  icebi'rg  is  a  iiprop  r  j  a  t  e  for 
purposes  of  evaluating  tlie  deptli  below  which  tlie  seabed  will  not  be 
disturbed.  However,  icebergs  liave  planes  of  natural  cleavage  along  wliidt 
failure  often  occurs.  It  the  seabed  resistance  is  gre.iler  than  tlie 
iceberg  strength  along  its  planes  of  weakness,  if  is  likely  that  the 
iceberg  wilJ  break  and  float  freely,  after  Leaving  a  segment  of  the 
iceberg  grounded.  Such  a  process  has  been  discussed  by  t.  lark  et  al 
1  1986)  . 
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pressure  ridge  keels  are  somewhat  similar  to  those  drsi'ussed  cat  lier  . 
However,  the  predorainnnt  driving  force  is  the  moving  sea  ice  co\'ei  winle 
the  ocean  currents  are  considered  to  be  the  major  tor  in  tiie  lahiador 
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therms  ot  er.i  ha  n'kme  n  t  s  )  ,  with  slope  angles  up  to  60 and  r-cci.i  jiciic  i,  r.i  t  i  on 
lUM.fhs  oji  tv)  6  Hi  and  greater.  Submersible  observa  t  i  tuis  o‘ i  h'embt-r  land 
Si.unc,  1(1  Baltin  Bay  (MacLean  1982)  have  demonstrated  t!ie  natari  oi  tliese 
steep-siJed  deet' ly- [lenet  rated  scours.  Another  area  where  similar 
..eoiiio ij  ho  1  i)gi ca i  sc.our  relief  occurs  is  .southern  Saglek  Bank  in  the 
Labrador  Sea  i,  Barrie  1980,  Todd  1984,  .losenhatis  et  al  19SS,  (liibert  and 
Barrie  I9Bh),  icebergs  scours  on  the  seabed  ot  southern  Saglek  Bank 
above  170  m  water  depth  cover  70--100%  of  the  entire  seabed  surface.  Tlie 
predi'in  1  iiant  1  y  long,  linear  to  curvilinear  scour  marks  ociur  witti  average 
peiietratton  deptlis  of  3  m,  widths  of  30  m  and  lengths  of  sc-ver.il 
ki tome  t  res  . 

Scour  marks  development  in  bouldery  material  are  ciiarac  1 1- r  ■  sed  by 
concentrations  ot  large  boulders  in  the  rims  assotiaicd  with  .i  liner 
n;atri>;  of  gravel  and  sand  in  the  trougfis.  the  reliefs  vit  such  marks  aii' 
from  1  to  4  m  and  slope  angles  are  up  to  IS'''  (Lewis  el  al  19rth  ). 
Submorsib  e  nbservations  in  this  type  ot  environmei  t  have  Ai-en  In 

areas  cif  the  northeast  Newt  ound  land  shelf  (Syvit.ski  v' '  nl  ' ‘IHJ  )  ai'.i  Mori 
areas  ol  H  iw  i  !tcn  Bank  on  the  southern  labradijr  Ivln-lt  (i.oJlii.s  uid 
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examples  are  Makkovik  Bank  (Josenhans  and  Barrie  1982,  Gilbert  and  Barrie 


1985)  where  thin  sands  overlie  a  consolidated  till  (Josenhans  et  al  1985) 


and  the  northwestern  Grand  Banks  (Fader  and  King  1981,  Lewis  and  Barrie 


1981)  where  a  thin  ()uaternary  section  of  sand  and  gravel  overlies 


Tertiary  sediments  (Barrie  et  al  1984).  Iceberg  scours  in  both  areas 


have  average  widths  of  35  m  and  penetration  depths  usually  less  than 


Iceberg  pits  and  pit  chains  are  as  common  as  linear  scours  in  this 


env i ronment 


Some  appear  overdeepened,  a  result  o^  subsequent  soil 


tailure  (Barrie  et  al  1986). 


SGOL'R  RATES,  SEABED  DYNAMICS  AND  DEGRADATION 


The  iceberg  scour  record  for  the  foregoing  three  model  environments 


is  representative  of  Che  geological  history  of  the  region  since  the  last 


glaciation;  it  also  indicates  the  extent  to  which  both  relict  and  modern 


sedimentary  processes  affect  the  areas.  The  dimensions  of  th  scours  in 


three  cases  are  consistent  with  the  scour  hypotheses  discussed 


earlier  for  those  geotechnical  environments. 


The  number  of  modern  scour  events  varies  with  water  depth  and 


location.  Woodworth-Lynas  et  al(1985)  predict  a  grounding/scouring  rate 
tor  Saglek  Bank  of  4.3%  and  for  Makkovik.  Bank  3.3%  of  all  bergs  in  one 
season  based  on  iceberg  observations  from  drilling  platforms.  Iceberg 
scouring  rates  on  the  Grand  Banks  drop  to  less  than  1%  (d'Apollonia  and 
Lewis  1985).  Josenhans  and  Zevenhuizen  (1984),  using  a  series  of 
oriented  bottom  photographs  along  a  6  km  transect  show  a  well-defined 
'fresh'  keel  mark  cut  through  a  lag  gravel  into  the  underlying  muddy  sand 
and  gravel  (diaraict)  substrate  of  Makkovik  Bank.  Similar  observations 
were  made  on  transects  of  Nain  and  Saglek  Banks  (Josenhans  and 
Zevenhuizen  1984),  suggesting  that  present-day  scouring  is,  indeed,  a 


1 requent  occurrence  within  the  shoal  areas  (i.e.  85-200  m) .  Using  rough 


alculations  based  upon  the  above  scour  frequency  for  Saglek  Bank, 

3  ,  , 


Woodworth-Lynas  et  al  (1985)  predict  that  110  million  m  of  seabed 
ni.aterial  is  reworked  by  this  process  each  year.  This  is  reduced  greatly 


on  tiie  (  and  Banks  of  Newfoundland. 


Although  iceberg  scour  longevity  is  apparent  over  most  of  the  shelf, 
retent  scours  are  degraded  rapidly  by  the  bottom  dynamics  of  some  of  the 
areas.  The  cohesiveness  and  physical  properties  of  sediments  also 
significantly  influence  the  scour  preservation  potential. 
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UPC  ii  t^'u-  nost  ct'.cctive  agents  in  scour  degradation.  Barnes  and 
kci'iiP.  It/,  t  1  y )  a  iso  observed  the  signiiicance  ot  waves  in  conjunction 
witi:  currents  in  eroding  ice  scour  ridges  in  tiie  Beaulort  Sea  as  did 
Koiiay.iuhi  \iHti2,  in  the  southern  Beautort  Sea. 

c-c  p.sc'iucnt  1  y  ,  in  water  depths  less  than  160-180  ni ,  the  cliaracter  ol 
the  sedheo  is  a  product  ot  the  excavation  and  reworking  oi  the  seabed  by 
icebergs,  and  the  removal  of  excavated  material  and  incorporation  of  it 
into  the  sediment  transport  budget.  In  areas  where  scour  mark, 
obliteration  by  bottom  currents  exceeds  the  excavation  by  iceberg 
piougl'.ing,  the  seafloor  (as  seen  from  sidescan  sonar  records)  will  appear 
to  show  Little  ecidence  of  iceberg  impact  thus  falsely  suggesting  a  low 
incidence  of  iceberg  grounding.  Conversely  where  the  obliteration  rate 
is  low,  tor  the  same  number  of  groundings,  many  well-preserved  scour 
maiks  will  appear  on  the  seabed,  which  can  be  misinterpreted  to  indicate 
a  higher  rate  oi  incidence.  Estimates  of  the  rate  of  iceberg  groundings, 
from  seafloor  observations  must  carefully  consider,  therefore,  the  modern 
sediment  dynamics.  A  mathematical  model  to  determine  populations  of 
iceberg  scour  depths  (Gaskill  et  al  1985)  requires  an  input  relating  to 
the  quantitative  values  of  scour  infill  rates. 

■  JBSERV.ATLONS  OF  SCOURING  EVENTS  AND  ONGOING  RESEARCH 

Although  iceberg  scour  marks  on  the  continental  shelf  are  attributed 
to  iceberg  interaction  with  the  seabed,  as  defined  above,  few 
observations  of  an  iceberg  making  contact  with  the  seabed  and  creating  an 
identiiiable  scour  have  been  documented  in  the  literature.  In  many 
cases,  known  groundings  have  been  related  indirectly  to  an  iceberg  scour 
that  lias  been  detected  by  acoustical  geophysical  means  subsequent  to  the 
scour  event. 

An  example  of  direct  observation  is  a  blocky  iceberg  code-named 
Caroline  (Lewis  and  Barrie  1980)  (Fig.  9)  which  was  established  as  being 
grounded  on  the  shoal  area  of  Saglek  Bank  in  August,  1979  during 
cr.ntiriuous  iteberg  tracking  using  the  radar  on  CSS  HUDSON  (Fillon  1  979  ). 
The  berg  grounded  in  118  m  of  water,  the  inferred  draft.  The  iceberg 
appi.ired  to  have  been  ploughing  a  singular  and  finally  double  keeled 
SI.  our  towards  the  east  with  an  average  scour  depth  ot  less  than  0.5  m  and 
a  maxiiiiuiri  scour  width  of  45  m  (Fig.  9).  The  scour  occurred  in  an  area  of 
overconsolidated  till  (Unit  3A)  with  overlying  patches  oi  sand  (.losenhans 

111 


ft  a!  1^85).  The  double  keeled  scour  converged  eventually  at  the  end  ot 
tlu'  seour  track,  demonstrating  the  possible  rotation  of  tl;e  scouring 
.■-  -■i  cr  ..  it-.e  scour  was  resurveyed  in  1982  (Fig.  9)  using  the  same  lilO  7o 
khz  siuescan  sonar.  An  iceberg  scour  such  as  this  provides  a  benchmark 
t  roir  winch  change  in  scour  morphology  can  be  monitored.  If  a  new  scour 
in  similar  soil  types  can  be  further  examined  by  use  of  a  manned 
siihrnors  i  bie ,  direct  observations  of  both  scour  formations  can  be  made  and 
compared.  In  August  1985,  the  PISCES  IV  submersible  off  the  MV  PANDORA 
11  provided  such  an  opportunity. 

During  the  Dynamic  Iceberg  Scouring  and  Grounding  Experiment  (DIGS) 
i,i.ewis  et  al  1985,  Josenhans  et  al  1985),  the  Caroline  scour  was 
relocated  and  a  new  scour  was  identified  cross-cutting  it.  Both  scours 
were  examined  from  the  PISCES  IV  submersible.  The  1979  scour  had 
undergone  considerable  modification  by  currents  and  macrobenthos. 
Kesuits  from  this  major  program  will  be  published  in  the  near  future. 

Further  work  on  mathematical  and  physical  modelling  is  also  in 
progress  to  estimate  the  forces  below  the  scour  due  to  keel  pressures 
during  scouring. 

SLMMARV 

The  type  of  scour  features  formed  on  the  seafloor  depend  on  the 
geological,  geotechnical,  and  environmental  phenomena.  Observations  of 
existing  scour  marks  show  qualitative  correlation  between  those 
variables.  Further  coordinated  research  to  quantify  the  measurements 
should  lead  to  refined  estimates  for  purposes  of  design  of  seabed 
installations . 
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ABSTRACT 


Better  understanding  of  the  mechanics  of  ice  has  led  to  increased 
demands  for  improved  computational  methods-  To  put  this  into 
perspective,  current  trends  in  ice  mechanics  are  reviewed.  These 
relate  principally  to  creep,  global  (tensile)  fracture  as  well  as 
compression  fracture  (crushing).  The  need  for  numerical  methods 
(finite  element,  discrete  element,  finite  difference)  is  discussed  in 
the  light  of  the  review  of  mechanics  of  ice,  as  well  as  the  boundary 
conditions  for  the  ice  feature.  Analyses  carried  out  in  past  studies 
and  current  work  at  various  institutions  are  reviewed.  These  include 
applications  of  elasticity,  plasticity,  creep  (reference  stress), 
fracture  and  damage  mechanics.  Future  research  needs  are  reviewed; 
these  include  studies  of  fracture,  as  related  to  splitting  of  ice 
features,  spalling  and  flexural  failure,  as  well  as  crushing.  The 
latter  can  be  studied  by  means  of  damage  mechanics  as  well  as 
viscoplastic  analyses,  which  are  reviewed  and  discussed.  Viscoplastic 
analysis  of  crushed  ice  cannot  be  carried  out  using  failure  surfaces 
for  the  virgin  ice:  new  techniques  are  required,  requiring  flow 

formulations  and  Eulerian  coordinates.  There  is  a  ■  'ed  for 
integration  of  the  various  aspects  with  mechanical  modeJs  based  on  the 
actual  processes  involved  in  large  and  small  scale  experiments. 
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1.  INTRODUCTICMI 


Many  branches  of  engineering  are  concerned  with  the  response  of 
ice  to  stress:  this  may  be  aimed  at  ice  load  estimation  or  the 
response  of  ice  as  an  engineering  material,  for  example,  in  terms  of 
Its  bearing  capacity.  The  key  to  more  accurate  estimation  of  ice 
response  lies  in  the  implementation  of  realistic  ice  mechanics  in 
analytical  methods.  This  is  particularly  true  in  the  estimation  of 
ice  loads  for  offshore  structures:  the  motivation  is  similar  to  the 

use  of  hydrodynamics  for  wave  loads  on  ships  and  structures. 


The  main  emphasis  in  the  present  paper  is  on  the  analysis  of 
floating  ice  masses,  such  as  multi-year  floes,  and  their  interaction 
with  offshore  structures.  At  the  same  time,  some  consideration  is 
given  to  bearing  problems,  ride-up  and  large-scale  analysis  of  sea, 
ice  and  surroundings. 


At  the  previous  lAHR  conference,  Sanderson  (1984)  considered  wide 
structures,  with  the  width  (D)  being  several  times  greater  than  the 
ice  thickness  (T)  .  Typically,  an  Arctic  exploration  structure  may  be 
100  m  wide  and  multi-year  ice  is  about  5  m  thick  on  average  giving  a 
D/T  ratio  of  20.  A  monopod  structure  might  yield  a  value  of,  say,  2. 
Such  ratios  are  attained  in  the  laboratory,  but  the  scale  is  up  to 
three  orders  of  magnitude  less.  For  several  reasons,  the  most 
important  being  the  brittleness  of  ice,  it  is  not  possible  to  scale 
these  results,  without  a  detailed  appreciation  of  the  mecnanics  of  ice 
particularly  during  the  process  of  interaction  with  a  structure. 


To  pursue  briefly  the  question  of  scaling  noted  above,  it  is 
useful  to  introduce  the  idea  of  average  ice  pressure  on  the  structure, 
defined  so  that  the  force  on  a  structure,  F,  is  given  by: 


F  =  O  •  A  (1) 

d 

where  A  =  contact  area  and  o  =  average  ice  pressure.  The  value  of  o 

d  d 

might  be  as  high  as  10  MPa  for  laboratory  indentation  and  as  little  as 

1  MPa  for  full  scale  impacts  of  natural  multi-year  sea  ice  on 

structures  with  lateral  dimensions  of  the  order  of  100  m  (based  on 

Hnatiuk  and  Felzien,  1986,  and  other  sources) . 
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In  comparing  laboratory  and  field  data,  the  scale  effect 
represented  by  one  to  two  orders  of  magnitude  can  be  readily 

identified  if  not  explained  by  using  values  of  o  ,  as  above.  Often  o 

d  d 

is  interpreted  as  a  "crushing  strength":  "crushing"  covers  a 

multitude  of  factors:  splitting,  flexural  failure,  spalling,  as  well 
as  pulverizing  and  subsequent  clearing  of  pulverized  ice. 

The  concept  of  average  ice  pressure  can  also  be  interpreted  as  an 
energy  per  unit  volume  (Laskow,  1982) .  The  power  P  of  energy 

dissipation  or  transformation  at  the  face  of  a  structure,  i.e. 
P  =  F  ,  y,  where  y  is  the  relative  velocity  of  ice  and  structure 
yields  the  following: 

P  =  (j  A  dv/dt  =  o  dV/dt  (2) 

d  d 

where  V  is  volume,  for  the  case  where  force  and  velocity  are  in  the 
same  direction  and  magnitude  of  force  is  given  by  Eg.  (1)  :  dV/dt  is 
the  volume  of  ice  penetrated  per  unit  time.  The  quantity  o  then  has 
the  units  of  energy  per  unit  volume. 

Such  general  considerations  of  average  ice  pressure  and  energy 
are  useful  to  put  values  into  a  practical  format:  an  explanation  of 
the  10  -  100  factor  relating  o  in  the  small  and  the  large  can  only  be 

3 

obtained  by  studying  the  mechanical  processes.  As  far  as  analytical 
studies  are  concerned,  it  will  be  suggested  that  the  complexity  of  ice 
behaviour,  including  variation  of  its  properties  with  stress  history, 
combined  with  the  variability  of  ice  properties  and  geometry  in 
nature,  dictates  the  use  of  numerical  methods  for  its  analysis.  The 
endpoint  may  well  be  in  terms  of  a  practical  format  such  as  the  value 
of  0  to  use  in  design. 

3 

2.  RELEVANT  ICE  MECHANICS 


There  are  many  manifestations  of  the  behaviour  of  ice  that  lead 
to  a  picture  that  is  at  first  confusing:  this  complexity  becomes 

apparent  in  reviews  such  as  Michel  (1978) .  Interpretation  is 


sometimes  difficult  and,  in  particular,  the  fact  that  ice  is  extremely 
brittle,  points  to  the  need  for  methods  of  analysis  more  advanced  than 
conventional  continuum  theories.  First,  the  salient  points  are 
identified  and  then  interpreted  in  terms  of  observed  behaviour  of 
sm.all  and  large  scale  specimens. 

Ice  is  an  elastic,  creeping  solid,  yet  it  is  extremely  brittle, 

one  of  the  most  brittle  materials  on  earth.  It  forms  as  an 
anisotropic  ciystal,  and  if  these  are  aligned  so  that  the  crystal  c- 
axes  are  in  the  horizontal  plane  (for  example)  in  an  ice  sheet,  the 

response  of  a  specimen  from  the  sheet  will  be  anisotropic,  although 

the  sheet  may  be  a  plane  of  elastic  symmetry  if  the  c-axis  directions 

are  randomly  orien^ed  in  the  horizontal  plane.  If  the  c-axes  are 
randomly  oriented  in  space,  the  ice  may  be  treated  as  isotropic;  such 
granular  icc,  as  it  is  termed,  is  strictly  speaking  statistically 
isotropic.  Anisotropic  response  for  elasticity  and  creep  of  solids  is 
well  understood  and  documented  both  for  classical  mechanics  as  well  as 
in  the  case  of  numerical  analysis.  These  aspects  are  therefore  not  of 
major  concern  (in  terms  of  their  ability  to  be  analyzed),  and 
consequently  will  not  be  stressed  in  the  following. 

As  mentioned  earlier,  ice  is  extremely  brittle  as  is  evidenced  by 

the  extremely  low  fracture  toughness  and  strain  energy  release  rate. 

2 

The  latter  value  is  of  the  order  of  1  -  2  J/m  ,  similar  to  the  value 
for  glass.  The  result  of  this  extreme  brittleness  is  a  propensity  to 
fracture,  and  for  stable  microcracking  to  be  a  common  occurrence  in 
compressive  states,  leading  to  disintegration  or  pulverization  of  ice. 

All  of  the  above  phenomena  will  now  be  discussed  in  further 

detail  with  numerical  analysis  in  mind. 

2 . 2  Creep  and  the  Role  of  Plasticity  Theory 

One  might  consider  plasticity  theory  as  a  simplification,  or 

sp€’Ciai  case  of  creep.  If  ttie  "flow”  takes  place  at  a  distinct  yield 
point  (stress  and  happens  rapidly,  then  creep  can  be  replaced 

by  "plastic  flow".  Tliere  is  no  evidence  that  this  is  the  case  for 


)  ; 


Poi'.ndei  (1965)  pointed  this  out  and  the  most  widely  accepted 


creep  law  for  ice  is  that  proposed  by  Sinha  (1978)  ,  given  nere  in 
terms  of  the  uniaxial  creep  compliance,  for  loading  at  t  =  0. 


J(t)  =  I  >  ^  (i  -  (3, 

k 

In  this,  E  =  elastic  modulus,  and  A,  B,  C,  and  n  are  constants. 

It  is  attractive  to  represent  this  in  terms  of  a  rheological 
model  (Figure  1);  this  is  strictly  correct  for  the  elastic  and  viscous 
terms,  but  the  delayed  elastic  term  -  the  second  term  on  the  right 
hand  side  of  Eg.  (3)  -  cannot  strictly  be  derived  on  the  basis  of 

g 

viscoelastic  theory.  The  power  "B"  in  t  in  the  exponent  is  the 
reason  for  this.  Other  models  were  reviewed  recently  by  Ashby  and 
Duval  (1985)  and  there  appears  to  be  scope  for  other  formulations. 


Elastic  Delayed  Elastic  Strain  ^  Flow 


^AAAA^ 


AAAVvV 


Burgers  Body 


Maxwell  Body 


Figure  1. 


Viscoelastic  Models  for  Ice 


t  is  an  interesting  fact  that  a  class  of  models  of  the  kind 


.:  (  t ,:  )  r  j^,  .,  ( t  j  -  ;  (t  i  : 


(4) 


where  (.  )  represents  a  function  or  "reduced  time"  that  accounts  for  a 
range  of  effects,  including  non-linearities  of  s cress-s tra  in 
relationships,  can  be  derived  from  general  constitutive  theories 
(Shapery,  1964).  Tties.'  can  be  put  into  stress-strain  r  e  1  at  i  >.  iisti  ip  of 
tne  kind: 


t 

t-  ( t )  =  j‘  j  ^ it) 

0 


;  (i  ) 


(5) 


which  is  of  the  form  of  a  Boltzmann  superposition  model,  •'■ven  thougti 
non-linearities  are  included.  Models  of  this  kind,  and  t'nei.  use  in 
modelling  ice,  are  re''ipwed  in  Jordaan  (1986'. 


The  form  of  model  just  described  is  at  the  same  time  extremely 
convenient  from  the  point  of  view  of  numerical  modelling,  since 
computer  storage  of  the  entice  stress-strain  history  is  not  necessary: 
only  current  values  ate  needed.  Thus,  substantial  computer  i-avings. 
can  be  attained. 

Glen's  law  -  the  third  term  of  Eq.  (3)  -  comes  into  the  categoiy 
jusr  described,  with 

t 

.  (  t  )  =  ;  .  1/  ;  dt  ■ 

b 

where  =  c  ■ ^  ir-;  the  viscosity  c'f  the  non-linear  d'shix'-*  ,  s'-  t:.«' 

instant  in  time  when  the  stress  is  applied. 

It  IS  often  appropriate  to  neglect  prina^y  cie-t  (o'  even 
elasticity)  if  secondary  creep  dominat.es.  Tfie  lower  part  cs!  ro'^ure  i 
shows  the  .sim.ple  Maxwell  mofP-;  whicfi  can  oe  used  to  rn.ilve  a  variety  of 
practical  protlems. 

'  >  ' 
i  -  * 
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As  noted  earlier,  there  is  no  clear  threshold  f-u'  creep 

and  this  is  illustrated  in  Figure  2,  where  some  curve;:  cased  on 
constant  strain  rate  have  be^n  calculated.  The  "yield"  plateaux  are 
not  unique  and  depend  on  the  strain  rate.  These  results  are  confirmed 
by  many  experimental  data  sets. 


There  is  no  method  known  to  the  writer  of  replacing  a  creep 
analysis  with  a  plastic  one  and  obtaining  a  rigorously  correct  result. 
The  reference  stress  method  (Ponter  et  al.,  1983)  provides  an 
approximate  method.  As  noted  in  the  introduction,  the  rate  at  which 
the  force  F  on  the  structure  does  work  is  the  power  F=Fv  if  y  is  in 
the  direction  of  C  and  this  may  (in  the  absence  of  other  "work"  terms) 
be  equated  to  the  rate  at  which  work  is  dissipated  in  the  ice,  i.e. 


P=jo..e..dV  (6) 

1]  i: 

where  o  -  ■  is  the  stress  at  any  point,  e.  .  is  the  associat-^d  strain  and 
V  is  volume.  This  may  be  written  as; 


P  =  o_e„V_  (7) 

R  R  R 

where  o  „  is  the  reference  stress  at  reference  strain  rate  c  By  an 

K  K 

appropriate  choice  of  a_,  -and  V  ,  a  plastic  solution  can  be 

obtained  for  the  steady  state  case  where  F  is  constant.  This  is  not  a 
rigorous  analogy  and  is  only  a  convenient  approximate  solution  methorl, 
requiring  elasticity  or  plasticity  solutions  as  a  basis.  It  does  not 
imply  that  creep  and  plastic  solutions  in  general  give  similar 
answers,  only  that  similar  results  can  be  obtained  by  the  choice  of 
parameters.  This  choice  is  by  no  means  arbitrary. 


2.3  Higher  Strain  Rates 


jx  States  of  Strest 


Although  ice  creeps  at  any  stress  state  or  level,  apart  from 
purely  hydrostatic  states,  it  is  usually  dominated  by  the  prripensity 


to  fracture.  Figures  3-5  illustrate  the  overal)  p:ctjT 


i  1 1  id  r  r 


tensile  states  of  stress,  the  critical  flaw  will  propa<)ati'  at  a  stiess 


given  by  a 


(EG  )/{Tia)  where  E  -  elastic  mrxiulu!,,  G 
c  1.' 


requirement  per  unit  area  of  crack,  and  is  ensf-n'  i  i mat’  r  i  i 


Stress  cr 


-  Crack  Extension 


Strain  €  Strain  € 


Figure  3.  Response  to  Unicixial  Stress  at  Higher  Strain  Rates: 

Under  Tensile  Stress  the  Dominant  Flaw  Propagates, 
and  Under  Compression  Stable  Microcracking 
Followed  by  "Slabbing"  Occurs 
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con=:tant  (for  a  given  stress  state)  and  a  =  h'.alf  t)ie  crack  length. 
The  value  of  is  determined  by  experiment  and  depends  on  the  stress 
state,  wnich  affects  the  ease  with  which  a  crack  will  propagate;  see 
for  example  Sih  (1973).  The  critical  flaw  will  have  the  combination 
of  length  and  orientation  which  gives  the  lowest  value  of  for  all 
cracks  in  the  sample  of  material  in  the  body  under  consideration  (at 
lower  stresses,  the  material  will  creep  without  fracture).  Generally 
the  critical  crack  will  propagate  riglit  through  t)ie  specimen,  leading 
to  fa  iU’ie. 


Under  compression,  cracks  are  somewhat  less  prone  to  propagate 
completely  through  the  specimen.  Some  microcracking  generally  occurs 
before  failure.  The  phenomenon  of  "slabbing"  is  observed  at  higher 
strain  rates;  this  is  seen  in  most  brittle  materials  such  as  concrete, 
sulphur,  glass  and  ice.  A  single  crack  propagates  right  through  the 
specimen,  parallel  to  the  direction  of  loading.  This  is  also  seen  in 
quite  large  scale  tests  (Wang  and  Poplin,  1981). 


Figure  4  illustrates  schematically  the  stress-strain  :esponse  of 
ice  in  compression,  as  it  relates  to  a  variety  of  phenomena.  The 
figure  is  based  on  results  in  the  literature  and  the  key  features  as 
regards  the  material  response  are  also  illustrated.  As  the  strain 
rate  increases,  pure  creep  becomes  less  important,  microcracking  is 
observed  and  the  curves  and  the  tests  are  often  terminated  by  cracks 
that  extend  vertically  from  the  top  to  bottom  of  the  specimen,  the 
"slabbing"  phenomenon  as  noted  above  (Ashby  and  Hallam,  1986) . 


The  imposition  of  compressive  states  of  stress  can  be  appreciated 
by  writing  the  stress  and  strain  tensors,  _  and  respectively  as: 


t  s  .  . 
1 1 


e  .  . 

V  1  ] 


where 


1/3  =  volumetric  stress, 

deviatoric  stress, 

1/3  t-  ,  ,  =  volumetric  strain, 
1 1 

deviatoric  strain,  and 
Kronecker  delta. 


The  imposition  of  a  deviatoric  stress  state  proportional  to 
(0^-0^)  is  obtained  by  tests  on  cylinders  under  lateral  confining 
pressure  (Figure  5)  .  The  results  are  illustrated  in  the  figure  in 
schematic  form.  At  low  p  (and  o^) »  cracks  extend  in  a  shear  mode  in  a 
stable  manner  progressively  damaging  the  ice;  this  crack  propagation 
is  suppressed  at  higher  values  of  p,  and  creep  will  prevail. 


This  response  is  illustrated  by  the  experimental  results  of  Jones 
(1982).  In  an  interesting  and  well-conceived  set  of  experiments, 
cylindrical  specimens  with  constant  (as  described  in  the  preceding 
paragraph)  were  subjected  to  constant  strain  rate  in  the  axial 
direction.  The  resulting  values  of  (o^  -  o^)  were  measured  and  the 
curves  of  stress  versus  strain  included  creep  curves  and  other  curves 
of  the  type  illustrated  in  Figures  4  and  5,  depending  on  the  strain 
rate  and  the  value  of  p.  It  is  interesting  to  analyze  these  results 
with  regard  to  the  effect  of  strain  rate.  The  following  is  consistent 
with  the  interpretation  of  Jones  (1982),  but  somewhat  more  attention 
is  given  to  the  role  of  creep. 


The  first  important  point  to  be  considered  is  that  the  imposition 
of  a  stress  state  >  (02  =  results  in  a  value  of  p  = 

(a^  +  2q^)/2  and  s^2  ~  2(o^  -  a^)/3  =  -2s2^.  In  other  words,  the 
deviatoric  stress  is  proportional  to  (o^  -  If  creep  is 

independent  of  p,  and  directly  related  to  (0^  -  o^),  then  the  curves 


of  (0. 


o^)  (at  constant  strain  rate)  versus  strain  will  be 


independent  of  o^.  This  is  confirmed  by  the  maximum  values  of 
(a^  -  a^)  at  various  values  of  given  in  the  paper  by  Jones  as  shown 
in  Figure  6(a).  The  one  exception  is  the  response  at  combinations  of 
higher  strain  rates  and  low  o^,  attributed  to  the  spread  of 
microcracks.  This  zone  is  shown  as  shaded  in  Figure  6(a). 

It  is  interesting  to  observe  that  the  peak  values  of  stress  in 
Figure  6(a),  taken  from  non-shaded  areas,  i.e.  those  which  are  attri¬ 
buted  to  a  creep  response,  can  be  considered  to  correspond  to  steady 

• 

state  secondary  creep.  At  this  stage  in  the  stress  strain  curve,  c  - 

n  * 

ko  and  log  e  =  log  k  +  n  log  a.  These  are  plotted  in  Figure  6(b)  and 
a  reasonable  straight  line  is  obtained  corresponding  to  n  =  3.8. 

There  is  some  evidence  of  lower  values  of  (o^  -  o^)  at  high  values 


I 

k  * 


of  3^  in  Figure  6(a):  this  is  not  very  conclusive  and  in  addition, 

the  main  area  by  practical  importance  is  the  left  half  of  Figure  6(a). 

The  conclusion  of  this  section  is  that  creep  analysis  is  appro¬ 
priate  for  low  strain  rates  and  also  at  higher  strain  rates  with 
confining  pressures  sufficient  to  suppress  the  propagation  of  micro¬ 
cracks.  There  appears  to  be  little  scope  for  plasticity-based  yield 
criteria  under  these  conditions.  The  occurrence  of  microcracking 
under  moderate  compression  is  an  area  of  great  practical  concern  since 
this  is  the  principal  mechanism  involved  in  the  "ice  crushing" 
process . 


2.4  Crushing  and  the  Shear  Dainage  Process 

Under  moderate  confining  pressures,  it  has  been  observed  that 
shear  cracks  form  and  aggregate  and  result  in  failure  (Ashby  and 
Hallam,  1986).  This  has  also  been  observed  in  other  materials 
(Resende  and  Martin,  1984).  Because  most  practical  cases  of  ice- 
structure  interaction  involve  moderate  confining  pressures,  this 
process  is  regarded  as  being  most  important  in  practice. 

Visual  evidence  supporting  the  shear  damage  process  has  been 
obtained.  Figure  7(a)  shows  a  photograph  of  cracks  forming  under  an 
indenter  (Timco  1986;  Tomin  et  al,  1986).  The  stress  state  is  close 
to  plane  stress,  i.e.  moderate  confinement,  and  can  be  approximated  by 
the  Michell  solution,  see  Timoshenko  and  Goodier  (1970,  p.  104) ,  for 
stress  field  resulting  from  uniform  pressure  across  the  indenter. 
Figure  7(b)  shows  the  orientation  of  the  planes  of  maximum  shear, 
based  on  the  Michell  solution,  which  match  closely  the  orientation  of 
the  cracks  in  Figure  2(a). 
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It  is  important  to  recognize  that  the  shear  planes  in  Figure  7(a) 
are  not  slip  lines  as  evidenced  in  plasticity.  As  the  process 
ccritinues,  the  cracks  link  up  until  discrete  pieces  of  ice  attain  the 


ability  to 

move 

relative 

to 

each 

other . 

In  plasticity 

theory. 

slip 

lines  are 

not 

associated 

wi  th 

damage. 

and  in  this 

sense. 

the 

progressive 

degradation 

of 

the 

material 

is  quite  different 

from 

plasticity,  since  it  leads  to  disintegration  of  the  material. 
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Figure  7.  Process  of  Shear  Damage  in  Ice 

A  reasonable  way  to  analyze  the  process  of  progressive  damage  is 
to  take  a  continuum  mechanics  approach.  The  study  of  individual  crack 
propagation  is  important  for  understanding  the  underlying  phenomena 
but  quickly  results  in  an  intractable  situation  when  considering  the 
myriad  of  relatively  stable  cracks  in  the  compression  zone.  The 
continuum  analysis  mentioned  above  focusses  instead  on  the  overall 
changes  to  the  elastic  response  caused  by  the  system  of  microcracks  in 


the  material, 
behaviour ; 


(We  concentrate  here  on  the  effect  of  the  elastic 
creep  damage  theories  (Leckie,  1978)  can  also  be 


considered,  but  they  are  beyond  the  present  scope, 
consider  the  effect  of  damage  on  elasticity  and  creep.) 


They  would 


If  one  removes  the  elastic  stiffness  in  shear,  one  is  left  with  a 
group  of  particles  that  can  slide  over  each  other.  The  latter  beha¬ 
viour  can  be  treated  as  a  viscous  flow  phenomenon  (see  next  section) . 


With  regard  to  the  degradation  of  elasticity,  the  process  envi¬ 
saged  is  shown  in  Figure  8.  The  material  exhibits  a  strain-softening 
curve,  resulting  from  the  extension  and  proliferation  of  the  micro¬ 
crack  system.  Upon  unloading,  a  reduced  elastic  modulus  results  from 
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Figure  8.  Process  of  Progressive  Daaage 
(a)  With  Meaory  of  Origin 

Daaage  Accoapanied  by  the  Develc^ment  of  Permanent  Strains 


the  same  cause.  Finally  the  material  has  effectively  no  elastic 
stress  resistance  and  particles  can  move  relative  to  each  ether. 
There  are  other  effects  such  as  dilatational  behaviour  of  the  cracked 
ice  that  should  be  accounted  for,  but  they  are  considered  to  be  of 
less  importance.  Application  of  damage  mechanics  to  ice  is  in  its 
infancy. 


The  implementation  of  damage  mechanics  in  continuum  analysis  is 
difficult  to  conceive  as  a  closed  form  solution  technique,  but  it  may 
be  achieved  by  numerical  analysis  which  provides  an  excellent  ongoing 
method  for  improving  theories.  Closed  form  approximations  are 


expected  to  result  at  a  later  stage. 


2.5  Behaviour  of  Pulvirized  Ice 


The  clearing  of  ice  around  a  structure  or  obstacle  is  important, 
and  can  be  achieved  in  several  ways; 


creep  of  ice  around  the  structure  at  low  strain  rates; 
rotation  and  movement  of  large  pieces  of  broken  ice, 
resulting  from  global  (tensile)  fractures;  and 
"flow"  of  crushed  ice. 
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The  present  section  deals  with  the  third  of  these.  One  can  think 
of  a  distortional  "energy"  of  disintegration  {Figure  9) ,  which  results 
in  the  virgin  material  being  transformed  into  a  pulverized  "flowing" 
material  also  illustrated  in  Figure  9. 


Figure  9.  Shear  Stress-Strain  Curves  With 
Possible  effect  of  Hydrostatic  Pressure  p  Illustrated 

Kurdymov  and  Kheisin  (1976) ,  in  analyzing  a  set  of  dropped  ball 
tests,  proposed  a  "flow"  method  of  analysis.  Figure  10  shows  the 
geometry  of  the  ball  and  the  viscoplastic  layer  of  crushed  ice,  next 
to  the  ball  with  a  thickness  h.  There  are  some  challenging  aspects 
that  must  be  considered  in  putting  this  analysis  in  the  context  of 
solid  mechanics  applied  to  ice,  as  summarized  in  the  preceding 
section.  The  most  important  of  these  is  the  question  of  Eulerian 
versus  Lagrangian  coordinates.  Before  addressing  this,  we  shall 

review  the  basic  theory. 

The  idea  of  Kheisin  and  his  co-workers  was  to  treat  the  ice  as  a 
viscous  fluid.  Taking  up  this  idea,  we  write  the  deviatoric  stress  as 
a  function  of  the  rate  of  deformation  tensor  D^j,  i.e. 


^ij  “  't’ij 


(10) 
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which  IS  a  suitable  assumption  for  the  viscous  material.  We  will 
proceed  with  further  consideration  of  the  rate  of  deformation  tensor 
Djj  of  equation  (11) ;  it  is  the  symmetric  part  of  the  velocity 
gradient  tensor  3v./9x.  =  D.  .  +  E.  (Note  that  x  is  a  spatial 
coordinate) .  the  skew- symmetric  component  is  concerned  with 

rotations  and  does  not  enter  into  the  stress-strain  relations.  the 
important  point  is  that  Dij  is  the  material  derivative  of  the  Eulerian 


infinitesmal  strain  tensor,  i.e. 


"ID 


=  deij/dt. 


( 

I 


The  problem  of  crushed  ice  can  be  treated  initially  as  one  of 
slow  viscous  flow: 


a 


uV^v 


0  . 


(13) 


In  this  equation,  p  is  pressure,  Fj  is  a  body  force  in  direction  i, 

2 

U  =  coefficient  of  viscosity  and  V  (•)  =  Laplacian. 

Inertia  terms  have  been  neglected,  and  simple  rough  calculation 
shows  this  to  be  reasonable:  the  vertical  distance  travelled  by  ice 
particles  after  observed  indentations  and  impacts  is  of  the  order  of 
metres  or  less  and  this  can  be  compared  to  the  energy  in  the  process, 
which  turns  out  to  be  many  orders  of  magnitude  greater  than  inertial 
energy.  Nevertheless,  further  study  of  this  point  can  be  undertaken 
with  established  techniques. 


In  conclusion  of  this  section,  it  may  be  stated  that  a  visco¬ 
plastic  "flow"  solution  technique  is  an  excellent  starting  point  for 
the  problem  of  clearing  of  crushed  ice.  It  leads  itself  to  numerical 
analysis  and  does  not  correspond  in  any  way  to  plasticity  of  the 
virgin  material. 

2.6  Behaviour  of  Large  Scale  Ice  Masses 


Floating  sea  ice  forms  and  deforms,  melts,  consolidates,  contains 
brine  pockets,  flaws  and  cracks  and  is  highly  irregular  in  thickness 
and  geometry.  All  of  these  factors  cry  out  for  numerical  modelling. 


and  this  is  supported  by  the  kinds  of  plienomena  observed  in  large 
scale  impacts.  The  Hans  Island  experiments  have  shown  several  of  the 
effects  but  general  observation  of  the  Arctic  shows  phenomena  such  as 
ridge-building.  Figure  11  illustrates  some  of  these  in  a  general  way. 
Large  scale  splitting  has  certainly  been  oosetved;  non-s i mul taneous 
failure  is  observed  on  wide  structures  (Kry,  1976)  and  flexural 
failures  -  Figure  11(c)  -  are  observed  even  in  the  case  of  multiyear 

floes.  The  phenomena  just  noted  all  call  for  a  statistical  treatment: 
weakest  link  theories  (Weibull,  1951;  Maes,  Jordaan  and  Baldwin,  1986) 
as  well  as  statistical  averaging  as  proposed  by  Kry  liave  their  role. 

3.  NUMERICAL  MODELLING:  A  CRITICAL  RE'/IEW 

3.1  Motivation  and  Approach 

Computer  analysis  has  become  a  technique  that  is  used  when 
standard  methods  cannot  be  used  because  of  the  complexity  of 

implementing  them.  The  need  for  numerical  modelling  becomes  evident 
when  consideration  is  given  to  the  following: 

(i)  the  complex  behaviour  of  ice,  particularly  its 

disintegration  and  subsequent  "flow",  result  in  spatially 
varying  mechanical  properties. 

(ii)  the  irregular  shape,  geometry  and  boundary  conditions  of 
ice  in  the  field. 
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(iii)  the  random  distribution  of  flaws  in  sea  ice  and  icebergs. 

( iv)  the  fact  that  flow  of  crushed  ice  and  its  clearing  implies 
a  flow  (Eulerian)  approach  as  against  a  Lagrangian 
approach  for  "solid"  ice  mechanics. 

Some  research  groups  have  been  particularly  active  in  numerical 
modelling  and  they  are  identified  in  Appendix  1. 
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3.1  Elasticity  and  Maximum  Stress  Approaches 

For  rapid  loading,  ice  response  can  be  characterized  by  linear 
elasticity.  An  interesting  finite  element  ai.alysis  of  ice  sheets, 
taking  into  account  anisotropy,  was  presented  by  Riska  (1980).  Along 
with  this  analysis,  failure  criteria  were  proposed  to  deal  with 
columnar  ice.  These  were  used  to  give  maximum  stress  combinations  at 
failure  and  good  agreement  with  measured  values  was  obtained.  The 
author  proposed  more  detailed  analysis  of  the  failure  process  -  and 
this  is  in  accord  with  the  th''ust  of  the  present  report. 

Other  numerical  elastic  analyses  include  the  work  of  Sodhi  and 
Hamza  (1977) ,  who  conducted  a  finite  element  analysis  of  ice  sheets 
(plates  on  elastic  foundation) .  The  emphasis  here  was  on  buckling 
phenomena . 


3.2  Numerical  Modelling  of  Creep  Processes 

Creep  will  be  the  dominant  process  only  at  very  low  strain  rates; 
fractures  and  crushing  are  observed  even  at  rates  of  movement  found  in 
landfast  ice.  Bearing  problems  in  which  ice  is  used  as  a  structural 
material  supporting  load,  represent  an  area  where  creep  analysis  is 
most  important. 

One  of  the  earliest  studies  was  one  of  the  flow  of  large  ice 
masses,  e.g.  glacial  ice  (Emery  and  Mirza,  1980) .  In  this,  finite 
elements  were  used  to  simulate  flow  behaviour  (creep) ;  basal  sliding 
as  well  as  discontinuities  were  also  simulated  using  special  elements. 

An  interesting  analysis  of  creep  buckling  of  floating  ice  sheets 
was  carried  out  by  Sjolind  (984)  based  on  the  power-law  creep  term  of 
Eq.  (  3)  ,  i  .  e  .  t  =  Co 

The  reference  stress  method  was  used  to  solve  the  indentation 
problem  for  ice  (Ponter  et  al,  1983).  A  finite  element  solution  was 
used  to  obtain  "input"  solutions  for  the  method.  Various  values  of  n 
in  a  power-law  creep  formulation  were  investigated.  ITie 
provides  an  attractive  method  for  obtaining  a  range  of  appioxinatc 
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closed  form  results  from  a  limited  number  of  finite  element  runs,  and 
has  been  used  in  practical  studies  of  ice-structure  interaction  (e.g., 
Nessim,  et  al,  1986). 

Bruen  and  Vivatrat  (1984)  and  Vivatrat,  Chen  and  Bruen  (1984) 

used  a  power-law  stress-strain  relationship  similar  to  those  just 

discussed  with  n  ~  3  for  low  strain  rates  and  n  -*■  higher  rates 

-4  -1 

(>  3  X  10  s  )  .  The  method  of  analysis  was  based  on  a  bound  theorem 
of  creep  analysis  and  required  the  definition  of  a  velocity  field  as 
shown  in  Figure  12(a).  Higher  strain  rates  were  account  for  by 
considering  lines  of  constant  strain  rate  -  the  circles  in  Figure 
12(b).  Within  the  fractured  and  crushed  zones,  the  boundaries  of 
which  are  given  by  the  circles,  different  energy  dissipation 
mechanisms  are  operative.  The  results  show  an  increasing  effective 
ice  pressure  with  velocity,  with  a  reduction  of  the  pressure  due  to 
the  fracture,  and  crushing  mechanisms.  It  is  considered  that  the 
method  is  very  promising;  a  more  direct  linkage  of  energy  dissipation 
to  the  processes  of  damage  and  flow  of  crushed  ice  (Sections  3.4  and 
3.5)  would  be  advantageous. 


(a) 


(b) 


Figure  12.  Bruen  and  Vivatrat* s  Velocity  Field  J^proach 


In  the  context  of  the  above  method,  it  should  oe  noted  that  a 
finite  element  analysis  of  creep  in  ice  has  been  developed  (Chehayeb 
et  al,  1985)  and  compared  to  upper  bound  solutions  based  on  velocity 
fields  as  well  as  to  other  solutions. 

It  was  pointed  out  earlier  that  bearing  problems  pose  an 
important  area  where  creep  solutions  can  be  of  use.  Figure  13  shows  a 
result  obtained  by  the  writer's  team  as  an  illustrative  example.  It 
is  based  on  elastic  response  with  power-law  creep,  using  the  finite 
element  program  ABAQUS. 


Creep  of  0  Plate  on  Elostic  Foundotion 


2  3  4  5  6  7  8  9  10 

Rodioi  Coordinate  (m) 


Figure  13.  Time-Dependent  Bearing  Analysis  of  a  Floating  Plate:  Arc 
Opposite  Loaded  Edge  is  Fixed.  Power-Law  Creep 


With  n  =  3  Considered 


).3  Global  Fracture  Analysis 


:  fracture  is  characterized  by  propagation  of  a  single  crack 

number  of  cracks  in  zones  of  tension.  This  kind  of  event 
icad  to  substantial  load  reduction  by  the  splitting  of  ice 
..o-s  and  the  subsequent  creation  of  additional  degrees  of  freedom. 
enr-aKing  activities,  this  is  of  major  significance. 

One  of  the  first  calculations  of  this  kind  was  presented  by 


ef  a]  (1983) 


It  was  clear  that  further  numerical  work  was 


n.d  in  nrder  to  calculate  more  general  situations,  and  the  use  of 
in?  ■■emcrrital  approach  to  propagation  of  cracks  in  large  floes  was 
■,.i  (iiamza  and  Muggeridge,  1984). 


ihe  use  of  energy  release  can  be  also  accomplished  by  the  use  of 
the  j-integral  (Parks,  1977)  using  finite  elements  leading  to  results 
for  general  geometries,  both  of  the  crack  and  the  ice  feature.  This 
approach  has  oeen  pursued  by  Tomin  et  al  (1985)  and  a  typical  mesh 
around  a  crack  in  an  indenter  problem  is  shown  in  Figure  14.  In  this 
analysis,  the  crack  length  is  incremented,  and  in  effect  the  strain 
energy  released  is  compared  to  the  energy  requirement  per  unit  area  of 
the  crack. 

Plasticity  and  creep  effects  at  the  crack  tip  can  be  included  in 
th'V  J~jntegral  method,  but  are  not  usually  of  significance  -  or 
rat.'iu-r,  the  effect  can  be  included  in  the  energy  requirement  with 
lirv^ar  <j]astic  methods  used  for  the  energy  release. 

i'??'  use  of  fracture  mechanics  in  bow  form  analysis  and 
:  i ::  1  >■  :i ; on  is  of  great  potential  importance,  and  should  be  pursued 
in  . .nv'-sr  i'ja t  ions  of  Arctic  Shipping.  The  phenomenon  of  slabbing 
■  'll  '  1  ■;')  r>e  clarified  further  from  a  scientific  standpoint  as  regards 

ail  1  r;mn  involved. 

3 . 4  Damage  and  Pulverization  of  Ice 

■  .  y-'cnt".)  oiir  earlier  (Sections  2.3  and  2.4),  the  most  important 
;  -  :  ;  in  states  of  moderate  compression.  This  was  recognized  by 
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Figure  14.  Close-up  View  of  the  Local  Mesh  Around  the  Large  Crack 


Ting  and  Sunder  (1985)  who  applied  damage  mechanics  to  sea  ice  with  a 
parameter  D  varying  from  0  (no  damage)  to  1  (fully  damaged)  .  They 
applied  this  to  the  delayed  elastic  and  viscous  flow  terms  in  the 
creep  equation:  degradation  of  elasticity  was  therefore  only  partly 
taken  into  account.  Analyses  such  as  those  of  Bazant  and  Kim  (1985)  , 
applied  to  tensile  states,  should  be  assessed  in  light  of  the  fact 
that  ice  damage  is  important  in  states  of  moderate  compressive  stress. 
The  latter  approach  was  based  on  the  blunt  crack  band  theory,  which 
could  be  extended  to  other  states  of  stress. 


A  point  that  has  not  been  recognized  sufficiently  is  the  process 
of  shear  damage.  As  pointed  out  in  Section  2.4,  this  leads  to 
eventual  pulverization  and  indeed  a  crushed  material  that  flows  -  but 
without  the  rigidity  of  the  virgin  material.  Shear  damage  has  been 
analyzed  with  regard  to  rock  masses  (Resende  and  Martin,  1984)  and 
was  applied  to  ice  by  Cormeau  et  al  (1986)  .  The  degrading  stress- 
strain  relationship  was  of  the  kind  illustrated  in  Figure  8(b). 
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3.5  FLOW  of  Pulverized  Ice 
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One  does  not  have  the  luxury  in  ice  mechanics  of  stopping  the 
analysis  at  a  convenient  point  since  one  is  not  usually  "designing" 
the  ice  feature.  In  Section  2.5,  the  work  of  the  Russian  researchers 
was  discussed  and  the  fact  that  pulverized  ice  will  flow  around  an 
object  (at  higher  strain  rates)  was  pointed  out.  The  approach  of 
these  workers  has  been  followed  by  Brown  et  al  (1966).  An  extension 


f; 

of 

this  analysis 

based 

on 

the 

elastic-viscoelastic  analogy 

described 

K 

in 

Section  2.5, 

using 

finite 

element  methods,  has  been 

given  by 
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Cormeau  et  al  (1986) . 

This 

gives  Euler lan  solutions  (flow  through  the 

• 

J 

mesh)  based  on  the  analogy  mentioned.  An  analysis  using  finite 
differences  and  the  computer  program  PISCES  has  been  outlined  by 
Xivisild  and  Iyer  (1978) . 


3.6  Discrete  Element  Analysis 


Discrete  elements  differ  from  finite  elements  in  that  the 
movement  of  each  element  is  followed  during  the  interaction 
simulation.  The  discrete  elements  can  separate  along  their 
boundaries,  so  that  discontinuities  can  be  modelled. 


The  method  was  applied  to  ice  problems  by  Yoshimura  and  Kamesaki 
(1981).  It  has  formed  the  basis  of  the  program  CICE,  developed  by 

Hocking  and  his  co-workers  (Williams  et  al,  1985;  Hocking  et  al, 

1985) .  This  program  has  been  calibrated  against  a  wide  set  of 
experimental  and  field  results.  To  give  a  flavour  of  the  results. 

Figure  15  shows  a  cross-sectional  plot  of  ice  pieces  during  an 

interaction. 


Figure  15.  Discrete  Element  Analysis  of  Interaction  of  Ice 

Floe  and  Structure 


146 


M 


A  variety  of  failure  criteria  are  available,  however,  to  simulate 


the  break-up  of  ice  pieces.  It  is  considered  that  a  more  detailed 
analysis  of  fracture,  taking  into  account  existing  cracks  and  flaws, 
would  make  the  calibration  more  effective.  This  could  be  achieved  by 
calibration  with  FE  models  of  the  kind  described  earlier  (Section 
3.3).  Also,  the  "book-keeping"  involved  in  following  individual  ice 
pieces  in  analyses  of  crushing  would  become  excessive.  A  separate 
"flow"  analysis  (Section  3.4)  would  be  a  possibility  in  this  regard. 
The  method  is,  however,  ideally  suited  for  problems  involving  ride-up 
and  pile-up. 


3.7  Large  Scale  Models 


The  dynamics  and  thermodynamics  of  sea  ice  cover  is  studied  to 
determine  the  extent,  thickness  distribution  and  velocity  field  of  the 
ice.  Work  in  this  area  has  been  surveyed  by  Sodhi  (1984)  and  will  not 
be  dealt  with  in  further  detail  here.  The  point  might  be  made  that 
most  analyses  include  viscoplastic  constitutive  relations  for  ice  and 
that  fracture  and  damage  are  not  modelled. 


3.8  Statistical  Aspects 


One  of  the  more  important  potential  uses  of  numerical  methods  is 
to  study  statistical  aspects  of  ice  mechanics.  This  work  is  in  its 
infancy:  A  recent  study  by  Maes  et  al  (1986)  shows  som.e  results  which 
are  illustrated  in  Figure  16. 


CONCLUSION 


It  is  tempting  to  describe  the  field  of  numerical  analysis  of  ice 
as  a  "Tower  of  Babel"  of  conflicting  approaches  -  as  one  distinguished 
researcher  once  described  the  field  of  ice  mechanics.  Yet  there  is  an 
urgent  need  to  continue  with  a  variety  of  approaches,  so  as  to  respond 
to  the  complexity  of  ice  behaviour.  At  the  very  least,  numerical 
analysis  provides  an  ongoing  tool  for  learning  about  the  mechanics  of 
ice:  and  indeed,  many  of  the  studies  summarized  have  done  that. 
High-speed  computers  provide  the  opportunity  to  perform  analyses  that 
were  not  conceivable  even  one  or  two  decades  ago.  These  tools  can  be 


taken  several  steps  forward  and  used  in  obtaining  practical  results. 
For  instance,  the  analysis  of  global  fracture  processes  could  be 
carried  out  with  the  methods  described  using  the  J-integral:  this 

could  be  used  for  bow  form  analysis,  for  example,  with  the  present 
stage  of  technology.  Joint  analytical  (numerical)  and  experimental 
work  would  be  invaluable  in  general  in  advancing  the  state-of-the-art. 

It  may  seem  a  truism  to  state  that  in  making  this  advance,  it  is 
important  to  model  realistically  the  behaviour  of  ice.  Yet  there  are 
still  analyses  that  are  proposed  that  describe  ice  as  a  "plastic" 


material  in  the  sense  of  a  classical  continuum  mechanics  approach, 
iltner  approaches  have  analyzed  ice  as  a  set  of  nonlinear  springs 
without  specifying  tiow  the  stiffnesses  are  obtained. 

The  following  aspects  need  particular  attention: 

damage  process  in  the  small,  and  in  the  large; 

ice  clearing,  flow  of  pulverized  ice,  Eulerian  formulations; 

statistical  effects,  local  bending  (buckling)  of  imperfect 
sheets,  spalling,  non-simultaneous  failure;  and 

fracture  mechanics  for  large  ice  features  as  found  in  the 
field. 
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1 .0  Introduction 

Efforts  expended  on  analytical  solutions  for  ice  forces  arid  on  laboratorv 
testing  of  ice  are  of  limited  value  unless  full-scale  observations  and 
calibrations  of  ice  structure  interaction  are  also  available.  Without 
real-world  experience  and  measurements  it  is  doubtful  if  any  substantial 
progress  could  have  been  made  in  understanding  the  physics  of  ice- 
structure  interaction,  and  in  developing  workable  engineering  methods. 
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In  recognition  of  Che  importance  of  obtaining  actual  measurements  of  ice 
forces,  engineers  have  for  a  long  time  been  developing  measurement 
techniques.  Many  bridge  piers,  lighthouses  and  docks  have  been 
Instrumented.  More  recently,  the  artificial  islands  and  caisson 
structures  being  used  for  exploratory  drilling  in  the  Arctic  Ocean  have 
been  the  subject  of  ice-interaction  measurements.  In  addition,  natural 
features  such  as  small  rock  islands  have  been  used  as  substitutes  for 
real  structures  in  order  to  study  ice-structure  interaction  in 
environments  where  no  man-made  structures  yet  exist. 

In  addition  to  providing  a  key  to  better  predictions,  it  is  important  to 
recognize  that  the  field  measurement  of  ice  forces  is  also  an  important 
element  of  operational  safety  procedures.  As  engineers  arid  operators 
recognized  the  uncertainty  inherent  in  ice  force  predictions,  especially 
in  new  environments  (which  were  not  always  well-known),  it  became 
apparent  that  a  real-time  indicator  of  tlie  force  levels  on  a  structure 
(and/or  its  response)  could  be  a  vital  element  in  operatinnai  safety. 
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Tlterefore,  from  the  time  of  the  early  artrificlal  drilling  islands  it  has 
been  quite  common  to  Link  ice  force  instrumentation  to  operational  alert 
procedures.  Alert  procedures  have  been  described  elsewhere,  (Wright  and 
Weaver,  198J)  but  briefly,  as  ice  forces  and/or  structure  deformations 
reach  certain  predetermined  levels,  operational  procedures  on  the  island 
are  modified  on  a  real-time  basis.  A  typical  extreme  operational 
response  would  be  to  secure  the  well  and  evacuate  all  but  a  skeleton 
crew.  Such  situations  have  been  rare,  but  they  have  occurred.  Obviously 
they  are  costly  modifications  to  an  already  costly  operation.  When  ice 
force  measurement  devices  are  linked  to  such  operational  procedures  then 
of  course  it  is  of  paramount  importance  that  the  ice  force  measurements 
(and  their  interpretation,)  are  reliable  and  reasonably  accurate. 

Observatiiin  and  measurements  of  ice-structure  interaction  have  been 
conducted  worldwide,  but  because  of  the  background  and  experienc  of  the 
authors,  this  review  paper  will  focus  primarily  on  techniques  developed 
and  applied  in  North  America,  especially  in  Canada.  It  should  be 
emphasized  however  that  the  international  scientific  and  engineering 
community  has  contributed  significantly  to  this  topic;  although  it  was  in 
Canada  where  most  of  the  new  techniques  for  arctic  structures  were 
applied  first. 

d . u  Overview  of  Methods  of  Approach 

W))en  ice  pushes  against  a  structure  a  force  is  generated.  According  to 
Newton's  Iwiw,  tlie  force  is  equally  and  oppositely  applie  to  both  the 
structure  and  the  Lee.  'Iherefore  to  measure  the  interaction  force  we 
iii'/e  a  choice  c.f  measuring  either  the  response  o  the  structure,  or  the 
response  of  the  ice.  This  distinction  broadly  categorizes  tlie  two 
t  uadament  o.  I  approaches,  namely; 

-  in  situ  measurements  on  the  ice, 

-  structur.ii  response  measurements. 

-aci.  nppr. ),u-h  lias  its  advantages  and  disadvantages,  ideally  both  methods 
stionli!  be  used  together,  but  in  some  situations  only  one  of  the 
appro  ii-’ies  will  be  feasible. 

;.)t  e:Mn|ile,  in  dynamic  ire  situations  where  the  ice  is  continuously 


mivi  O',  it  is  preter  ihle  to  instrument  tlie  structure,  because  in  situ 
Ills:  t  iniuits  on  the  ire  will  quickly  move  by  the  structure.  On  the  other 


hand,  once  Clve  ice  around  a  structure  has  become  landfast  (and  subject  to 
relatively  small  movements)  it  will  often  be  preferable  to  instrument  the 
ice  surrounding  the  structure,  (especially  if  the  structure  is  an 


artificial  island  surrounded  by  a  grounded  rubble  field  and  therefore 


difficult  to  instrument  for  global  ice  loads). 


*(5r  di:„.ete  ice  features,  such  as  isolated  multi-year  floes  or  icebergs, 


measurements  of  tlie  deceleration  and  motions  of  the  ice  as  it  interacts 


with  the  structure  can  be  used  to  deduce  tlie  global  ice  forces. 


On  a  structure  we  have  the  choice  of  either  measuring  the  actual  ice 


pressures  at  the  ice  line,  or  measuring  the  global  response  of  the 
structure.  Neither  approach  is  simple,  and  both  methods  have  their 
difficulties  when  the  structure  is  large  and  has  redundant  load  paths. 
Ice  pressure  panels  at  the  ice  line  have  the  advantage  that  local 


variations  in  ice  pressure  can  also  be  measured.  But  unless  a  continuous 


band  of  load  panels  is  placed  around  the  structure  (an  expensive 
proposition  on  a  large  structure),  considerable  interpolation  and 
extrapolation  is  required  in  order  to  predict  global  forces  from  a 
limited  number  of  local  ice  pressure  readings.  Also,  sloping  structures 
are  not  amenable  to  this  form  of  instrumentation  for  global  forces. 


internal  strain  gauging  of  structural  elements  is  often  a  popular  method, 
but  interpretation  usually  requires  either  a  full-scale  calibration  or  a 
reliable  structural  analysis. 


Another  approach  is  to  use  soils  instrumentation  le.g.  total  pressure 


cells,  slope  indicators,  piezometers  etc.)  either  in  tlie  foundation  or 


interior  fill.  The  major  drawback  of  this  approach  is  that  under  service 


loads,  the  response  of  the  soil  is  often  too  small  to  be  measured 


reliably. 


l.U  In  Situ  Methods 


d.  I  General 


Superficially  it  would  seem  to  be  a  relatively  simple  matter  to  measure 
in  situ  stresses  in  an  ice  sheet.  Why  not  simply  measure  strain  and 
C'lnvert  to  stress  using  a  value  of  modulus  for  ice?  Alternatively 


why  not  Install  in  the  ice  a  hydraulically  filled  flat  jack  ('onnected  to 


r»^ 


a  pressure  transducer  and  measure  Che  pressure  as  the  ice  is  stressed? 


Both  of  these  approaches  are  simple,  and  have  been  used  with  other 


materials  including  soils  and  rock;  what  are  the  issues  relating  to  their 


use  in  icer 


First,  in  ice,  the  simple  conversion  of  strain  to  stress  is  fraught  with 


difficulty,  because  ice  is  not  a  linear  elastic  material.  Ice  is  a 


material  close  to  its  melting  point  and  therefore  exhibits  creep.  When 
ice  is  loaded  with  a  constant  stress  It  initially  deforms  elastically 
(i.e.  if  the  load  is  removed  the  strain  returns  to  zero)  but  after  a  few 
minutes  (or  less)  the  ice  creeps.  Initially  there  is  a  primary  creep 
phase  in  which  the  strain  rate  is  decreasing  with  time.  This  phase  is 
followed  by  a  secondary  creep  phase  in  which  the  strain  rate  is  constant, 
and  finally  there  is  a  tertiary  creep  phase  in  which  the  strain  rate 
increases  to  failure.  These  different  creep  regimes  make  the 
interpretation  of  a  simple  strain  measurement  extremely  difficult, 
especially  since  the  elastic  and  creep  deformation  characteristics  vary 
with  ice  temperature,  crystallography,  salinity  and  stress  level.  In 
fact,  it  is  generally  recognized  by  proponents  of  strain  meters  that  ice 
stress  can  be  interpreted  sensibly  only  when  the  ice  is  in  secondary 
creep.  In  that  phase,  there  is  a  unique  relationship  between  strain  rate 
and  stress  according  to  Glen's  law 


e  =  Ao 


where  e  is  strain  rate;  a  is  stress,  n  is  equal  to  about  3,  and  A  is  a 
coefficient  depending  on  ice  characteristics  such  as  temperature, 
salinity  and  crystal  structure.  Thus,  strain  meters,  according  to  the 
theory  of  ice  deformation,  may  be  useful  only  to  measure  loads  applied 
long  enough  for  secondary  creep  to  be  established  (about  45  minutes  or 
more) . 


The  use  of  strain  meters  will  be  discussed  later.  At  this  point,  it  is 
interesting  to  note  that  historically,  because  of  perceived  difficulties 
in  relating  ice  strain  to  stress,  ice  engineers  have  pursued  the  concept 
of  an  in  situ  stress  sensor  which  would  be  insensitive  to  varying  ice 
deformation  characteristics  resulting  from  creep  and  to  the  effects  of 
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varying  ice  properties  such  as  temperature,  salinity  and  crystal 


structure . 


3.2  Theory  of  ice  stress  sensors 


Tliere  are  problems  associated  with  insertion  of  a  sensor  into  an  ice 
sheet  and  interpretation  of  the  results.  First,  an  inclusion  in  an  ice 


sheet  can  lead  to  a  disturbance  of  the  stress  field  such  that  the  stres> 


experienced  by  the  sensor  is  different  from  the  stress  in  the  sheet  liad 
the  sensor  not  been  there.  This  problem  has  been  addressed  by  several 
investigators  (Metge  et  al,  197S;  Templeton,  1981;  Chen,  1981)  and 
elastic  theories  have  been  developed  which  relate  sensor  stiffness  and 
geometry  to  the  modulus  of  the  surrounding  material. 


Typical  results  from  this  theory  of  inclusions  are  reproduced  in  Fig.  1. 


The  results  show  obviously  that  the  ideal  sensor  should  have  the  same 


modulus  or  stiffness  as  the  ice.  So  why  not  build  sensors  according  to 
such  a  specification?  The  problem,  discussed  earlier,  is  that  the 
relationship  between  stress  and  strain  (modulus)  for  ice  is  complex  and 
there  is  no  unique  value.  Ice  modulus  varies  with  temperature,  salinity, 
crystal  structure  and,  because  of  creep,  with  time  of  loading.  Tlierefore 
the  ideal  sensor  should  read  the  ice  stress  regardless  of  the  modulus  of 
the  surrounding  ice.  How  can  this  be  achieved? 


The  first  attempt  to  rationalize  sensor  design  was  described  by  Metge 
et  al  (1975).  A  wide  thin  sensor  was  proposed  with  sufficient  stiffness 


that  as  the  effective  ice  modulus  varied,  the  ratio  between  ice  stress  on 


the  sensor  and  stress  in  the  ice  remained  constant.  As  can  be  seen  from 


Fig.  1,  this  should  result  in  an  inclusion  factor  (stress  ratio) 
remaining  close  to  1.0.  This  then  would  be  the  ideal  sensor  form,  and  it 
is  the  reason  why  several  sensors  of  this  type  have  apperared. 


The  equation  for  Figure  1  is  of  the  form:  (Chen,  1981) 


^  (ii^/E)  +  (H/2U)(N/8) 

'’l  (E^/E  )[1  +  (H/2D)(N/E) 


Where  a  is  the  undisturbed  stress  in  the  ice 


a,  is  the  average  stress  felt  by  the  sensor  E. 


E^  is  the  elastic  modulus  of  the  sensor 


U  is  the  width  or  diameter  of  the  sensor  in  a  direction 


V 

V 


perpendicular  to  the  stress 


H  is  the  thickness  of  the  sensor  in  the  stress  direction 


N  is  a  property  of  the  ice  such  that  it  is  analogous  to  the 


subgrade  reaction. 


Chen  recommends  that  the  value  of  N/E  be  taken  as  1.0  based  on  both 


theoretical  and  experimental  examination  of  the  problem.  Thus 
equation  (2)  reduces  to 


(E^/E)+H/2D 


(E^/E)(1+H/2D) 


Tliis  equation  is  very  similar  to  the  one  proposed  by  Metge  et  al 
(1975)  and  yields  a  graphical  result  very  similar  to  Figure  1. 


Templeton  (1981)  provided  a  very  thorough  analysis  of  the  embedded  ice 
sensor  problem  and  confirmed  the  use  of  an  equation  similar  to  (3).  He 
also  examined  the  effects  of  differential  thermal  expansion  and  the 
effects  of  transverse  pressure  (biaxial  stress),  and  developed  equations 
for  their  effects.  He  concluded  that  their  effects  on  sensor  accuracy 
could  be  minimized  by  maximizing  the  width-to“thickness  ratio,  i.e.  using 


a  thin  wide  sensor. 


Despite  this  sound  theoretical  and  practical  basis  for  thin  wide  sensors. 


others  have  developed  symmetrical  cylindrical  sensors.  These  have  the 


advantage  of  biaxial  capability  and  can  usually  be  inserted  into  an 


augered  hole. 


Tile  theory  of  biaxial  cylindrical  sensors  has  been  developed  and  reported 
on  by  Cox  and  Johnson  (1983).  Their  analysis  yields,  for  a  very  stiff 
sensor,  a  value  of  a^/a  =  1.5  which  is  the  same  result  as  given  by 
equation  (3).  Therefore,  a  stiff  cylindrical  sensor  should  have  an 


inclusion  factor  of  about  0.67  to  obtain  values  o'"  undisturbed  ice 


stress.  However,  interpretation  is  not  simple,  because  of  the  biaxial 
nature  of  Che  gauge.  Readers  are  referred  to  the  report  of  Cox  and 
Johnson  (1983)  for  the  full  theoretical  treatment. 


Even  if  we  can  accurately  measure  ice  stress  at  discrete  points  in  an  ice 


sheet  pushing  against  a  structure,  a  remaining  problem  is  that  of 


converting  these  readings  into  a  global  load  on  the  structure.  A  typical 
deployment  of  stress  sensors  in  the  ice  around  a  structure  is  shown  in 
Figure  2  (Netserk  F-40,  instrumented  by  Esso  Resources  Canada  Ltd.  in 
1976).  The  theoretical  approach  to  the  problem  is  to  calculate  stress 
fields  in  the  surrounding  ice,  match  the  readings  from  the  stress  sensors 
to  the  theoretical  stress  fields,  hence  to  deduce  the  global  load  on  the 


structure. 


Initial  application  of  this  approach  assumed  elastic  properties  for  the 
surrounding  ice;  more  sophisticated  approaches  assume  elasto-plastic  ice 
properties  and/or  take  into  account  modifications  to  the  stress 
distribution  due  to  ice  creep.  Wang  and  Ralston  (1983)  examined  the 
radial  stress  distribution  in  an  ice  sheet  pressing  against  a  circular 
cylinder  (with  a  frictionless  boundary  condition).  A  typical  result  of 
their  analysis  (Fig.  3)  shows  that  a  simple  elastic  analysis  gives  a  good 
approximation  for  radial  stress  decay.  Furthermore  it  shows  that  if  a 
stress  sensor  is  placed  at  a  distance  of  one  structure  radius  away  from 
the  structure  typically  it  will  measure  about  60%  of  the  ice  pressure 
acting  at  the  ice  structure  interface. 


Naturally  given  adequate  resources,  the  placing  of  several  sensors  along 


radial  lines  out  from  the  structure  would  be  desirable  in  order  to 


confirm  and/or  calibrate  such  theoretical  predictions. 


It  should  be  noted  also  that  variation  in  ice  modulus  and  thickness  and 


the  presence  of  cracks  can  seriously  affect  the  prediction  of  global 
loads  on  the  structure  from  in  situ  sensor  readings. 


3.3  Types  and  history  of  ice  stress  sensors 


The  first  in  situ  ice  pressure  sensor  (known  to  the  authors)  was 
developed  at  the  University  of  Alaska  in  the  early  seventies  (Nelson, 
1975).  The  University  of  Alaska  sensor  was  a  small  stiff  sensor  based 
on  a  strain-gauged  metal  cylinder.  About  the  same  time,  the  National 
Research  Council  in  Ottawa  developed  a  small  soft  sensor  based  on  a 
thin-walled  metal  cylinder  (Frederking,  1980). 


Esso  Resources  Canada  contracted  the  University  of  Alaska  to  install  some 
of  its  sensors  around  some  of  the  early  artificial  islands  in  the 
Beaufort  Sea.  Difficulties  in  interpretation  of  a  small  stiff  sensor  led 
Esso  to  develop  the  wide  thin  soft  sensor  which  was  subsequently  used 
quite  extensively  by  Esso  around  its  islands  (Metge  et  al,  1975). 

The  Esso  sensor  was  later  improved  upon  by  Exxon  who  maintained  the 
geometry  of  the  Esso  sensor  but  redesigned  it  internally  to  achieve 
better  linearity  and  a  different  stiffness  (Templeton,  1979;  Chen, 

1981). 

During  the  late  1970 's  and  early  1980's,  a  large  variety  of  sensors 
started  to  appear.  The  original  Esso  design  was  again  used  as  the  basis 
for  the  MEDUF  panel  used  by  Dome  around  the  Tarsiut  island  (Pilkington 
et  al,  1983).  Oceanographic  Services  developed  a  small  cylindrical  hard 
sensor  which  could  be  installed  in  a  hole  cored  in  the  ice  sheet  (Johnson 
and  Cox,  1980).  ARCO  Oil  and  Gas  Company  developed  a  sensor  based  on  the 
flat  jack  principle  (McBride,  1981).  More  recently,  Arctec  Canada  has 
built  a  thin  wide  metal  sensor  called  the  Hexpack  (Graham,  et  al,  1983). 
Other  Canadian  companies  have  developed  both  biaxial  and  panel  type 
sensors  as  well  as  hydraulic  disk  types. 

In  terras  of  generic  types,  most  of  the  above  sensors  can  be  considered  to 
fall  into  two  broad  categories; 

-thin  wide  sensors  with  a  stiffness  close  to  that  of  ice,  and 
-small  stiff  sensors 

In  a  category  of  its  own  is  the  ARCO  hydraulically  filled  disc,  which  is 
thin  in  relation  to  its  diameter,  but  is  small  (about  4  inches  in 
diameter)  in  relation  to  the  ice  thickness. 

The  thin  wide  panel  sensors  are  generally  arranged  to  measure  the  ice 
stress  through  the  full  ice  sheet  thickness.  Their  sensing  elements  can 
be  wired-up  to  give  either  the  average  compressive  stress  through  the 
thickness  or  the  ice  stress  at  various  levels  through  the  ice  thickness. 

Obviously  small  sensors  can  only  measure  stress  over  a  small  area, 
therefore,  several  may  be  needed  through  the  ice  sheet  thickness  in  order 
to  obtain  an  integrated  stress  for  load.  Thin  wide  sensors  can  usually 

164 


measure  stress  only  in  one  direction,  small  cylindrical  sensors  can 
measure  the  principal  stresses  and  direction.  Of  course  any  uniaxial 
sensing  unit  can  be  arranged  in  a  rosette  to  enable  principal  stresses  at 
a  point  to  be  measured. 

3.4  Ice  strain  meters 

Surface  strain  meters  for  use  on  sea  ice  have  been  in  use  for  over  a 
decade.  Goodman  (1980)  describes  their  history  and  technical  details, 
llie  original  design  was  based  on  an  invar  wire  and  could  typically 
resolve  strain  to  10~®.  Moore  and  Wadhams  (1980)  describe  a  rod  strain 
meter  which  is  generally  more  robust  and  portable  than  the  wire  gauge  but 
with  less  resolution  (10”^). 

Strain  meters  have  been  used  to  study  the  response  of  ice  floes  and 
icebergs  to  wave  action  (Goodman  et  al,  1980)  and  to  conduct  strain 
measurements  in  floating  ice  platforms  (Anderson  and  Perry,  1980). 
Prodanovic  (1978)  describe  a  steel  rod  strain  meter  which  was  used  to 
study  strains  in  the  land  fast  ice  in  the  Alaska  Beaufort  Sea.  More 
recently  strain  meters  have  been  used  on  ice  around  structures  in  order 
to  estimate  ice  forces.  British  Petroleum  have  pioneered  this  latter 
application  (Goodman  1983;  Sanderson  et  al,  1983;  Frederking  et  al, 

1984), 

Strain  meters  have  certain  advantages  over  stress  meters, 

-  they  are  easily  deployed 

-  they  do  not  disturb  the  ice  stress 

On  the  other  hand,  they  have  certain  disadvantages, 

-  they  measure  only  surface  strain,  bending  strains  may  mask  the 
compressive  strains  of  interest 

-  their  interpretation  requires  an  intimate  understanding  of  how 
strain  rate  relates  to  ice  stress  for  different  kinds  of  ice  at 
various  temperatures  and  salinities. 

It  is  beyond  the  scope  of  this  paper  to  present  the  theory  for  the 
interpretation  of  strain  meters.  The  reader  is  referred  to  Sanderson 
(1984)  for  more  details. 

For  additional  discussion  of  various  sensor  types  and  their  history  refer 
to  4th  Report  of  Working  Group  on  Testing  Methods  in  Ice,  lAHR  (1984). 


3. 5  In  situ  sensors  -  performance  data 

During  the  development  and  application  of  in  situ  ice  sensors,  a  variety 
of  tests  have  been  performed  to  establish  sensor  characteristics  and 
their  response  in  controlled  load  environments.  Basic  performance  data 
required  for  all  sensors  is  a  calibration  of  output  against  applied 
stress.  For  most  sensors  this  is  easily  done  in  a  loading  press.  Such 
tests  also  will  indicate  any  fundamental  problems  such  as  non-linearily 
and  hysteresis  which  could  adversely  affect  their  interpretation.  Tests 
conducted  in  a  sensitive  test  machine  can  also  give  the  stiffness  of  the 
sensor  which  may  be  required  to  interpret  the  results  using  inclusion 
theory . 

Calibration  and  testing  of  an  ice  sensor  in  a  press  is  relatively  simple, 
but  does  not  confirm  whether  the  sensor  behaves  as  expected  when  it  is 
contained  in  an  ice  sheet.  Therefore,  tests  of  sensors  in  ice  under 
controlled  load  conditions  are  very  Important  in  establishing  confidence 
in  their  readings.  Until  recently  few  tests  of  this  nature  have  been 
performed.  The  exceptions  were  tests  conducted  on  the  Ksso  panel 
(Trof  imenkof  f ,  1977),  tests  conducted  on  the  Exxon  panel  (Chen  19til), 
tests  conducted  by  Frederking  (1980)  on  a  cylindrical  sensor  and  tests 
conducted  on  a  biaxial  cylindrical  sensor  (Johnson  and  Cox,  1980;  Cox, 
1984).  The  latter  tests  were  conducted  in  the  laboratory  using  both 
saline  and  fresh  water  ice  under  both  uniaxial  and  biaxial  stress 
conditions.  Laboratory  testing  of  this  sensor  was  feasible  because  of 
its  small  size  (5.72  cm  diameter).  Typical  results  from  these  tests 
showed  good  agreement  between  applied  and  measured  stresses  (within  15%), 
a  resolution  of  about  20  kPa,  and  a  temperature  sensitivity  of  about 
5  kPa/“C. 


In  a  recent  experiment,  ten  sensor  types  were  tested  in  a  large  outdoor 
ice  basin  under  controlled  load  conditons  (K.R.  Croasdale  and  Associates 
Ltd,  1984;  Croasdale  et  al,  1986).  The  ice  sheet  was  approximately  0.7  m 
thick,  50  m  long  and  30  m  wide.  Loads  up  to  1400  kN  were  applied  at  one 
end  and  reacted  against  an  Instrumented  structure  3  m  wide  at  the  other 
end.  The  sensors  were  placed  in  the  ice  in  front  of  the  structure 
analogous  to  how  they  might  be  used  in  the  field  in  an  ice  sheet 
sheet  surrounding  a  structure.  The  overall  goal  of  the  researcti  project 


was  Co  evaluate  how  well  sensors  of  various  types  could  predict  the 
forces  on  a  structure,  for  both  short-  and  long-term  loads. 


Twenty  two  separate  tests  were  conducted  at  a  variety  of  load  levels. 

For  most  of  the  tests,  most  of  the  sensors  yielded  an  output  which 
generally  tracked  quite  well  the  applied  load  on  the  structure.  For  each 
load  plateau  tested,  the  ouput  from  each  sensor  was  converted  to  an 
average  pressure  across  the  reaction  structure  assuming  an  elastic  stress 
distribution  in  the  ice  sheet. 

For  each  sensor  it  was  then  possible  to  present  the  results  as  actual 
pressure  on  the  structure  (obtained  directly  from  the  load  cells 
supporting  the  reaction  structure)  against  predicted  pressure  on  the 
structure  obtained  from  the  sensor  reading.  Results  obtained  for  a 
typical  panel-type  sensor  are  shown  in  Figure  4.  The  panel  measured  the 
average  ice  stress  through  its  thickness.  Where  small  sensors  (e.g. 
hydraulic  disks)  were  used  these  were  arranged  in  a  rosette  at  two  levels 
in  the  ice  sheet.  The  average  of  the  outputs  from  the  two  levels  was 
used  to  obtain  the  results  shown  in  Figure  5.  Results  obtained  from  the 
stiff  cylindrical  bi-axial  sensor  are  shown  in  Figure  6.  The  slightly 
greater  scatter  obtained  from  this  sensor  is  most  likely  due  to  the 
problem  of  using  the  measured  stress  as  the  average  through  the  ice 
thickness.  It  was  recognized  that  in  some  of  the  later  tests,  bending 
was  Induced  in  the  ice  sheet  due  to  tilting  back  of  the  reaction 
structure.  Triis  bending  of  the  ice  sheet,  although  not  detectable  to  the 
eye,  also  severely  affected  the  use  of  the  strain  meters  to  predict  loads 
on  the  structure. 

In  general,  the  experiment  showed  that  in  situ  ice  stress  sensors  of 
various  generic  types  did  respond  as  expected.  For  example,  the 
panel-type  sensors  had  inclusion  factors  close  to  1.0,  which  did  not 
change  significantly  with  the  time  of  applied  load,  i.e.  creep.  The 
experiment  also  indicated  that  for  those  sensors  which  were  operational, 
the  average  percentage  difference  between  the  actual  load  on  the 
structure  and  tliat  obtained  from  the  sensors  readings  was  better  than 
about  3uT.  Sensors  which  sampled  at  various  levels  in  the  ice  sheet 
showtnl  that  a  redistribution  of  stress  through  the  ice  sheet  thickness 
did  occur  under  long  term  loads,  presumably  due  to  creep.  These  results 
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emphasize  the  need  to  measure  ice  stress  at  more  than  one  level  through 
its  thickness. 

).b  in  situ  sensors  ~  case  histories 

The  expl(5ratory  drilling  islands  which  were  built  in  tlte  shallow  waters 
ol  the  Beaufort  Sea  commencing  in  1*173  provided  a  major  incentive  for  the 
development  and  application  of  in  situ  ice  stress  sensors.  Artificial 
islands  are  not  easily  instrumented  for  ice  forces,  especially  if  they 
hocomo  (as  most  do)  surrounded  by  a  grounded  ice  rubble  field.  Under 
these  circumstances,  about  the  only  feasible  method  of  deducing  ice 
forces  is  to  install  in  situ  sensors  in  the  ice  surrounding  the  island 
and  grounded  rubble. 

Initial  efforts  were  based  on  a  small  hard  sensor  developed  at  the 
University  of  Alaska  (Nelson  and  Sackinger,  1976).  In  addition,  Esso's 
research  department  in  Calgary,  which  was  responsible  for  the  monitoring 
of  the  early  island,  developed  a  thin  wide  soft  sensor  designed  to 
penetrate  the  full  ice  thickness.  These  were  usually  arranged  to  measure 
radial  stresses  applied  to  the  island  (Figure  2).  They  were  usually 
hard-wired  back  to  a  central  data  acquisition  system  on  the  island. 

Soils  instruments,  such  as  slope  indicators  and  piezometers,  were  often 
also  installed  at  a  site,  as  well  as  devices  to  measure  relative  movement 
between  the  ice  and  the  island. 

Table  1  is  an  extension  of  a  similar  table  originally  prepared  by 
Sanderson  (1964).  It  summarizes  the  applications  of  in  situ  ice  sensors 
(to  measure  ice  forces)  which  has  occurred  in  the  Canadian  Arctic  from 
1974  to  the  present.  As  Table  1  Indicates,  the  first  five  islands  were 
all  instrumented  in  a  similar  fashion  using  Esso  panels.  The  data 
gathered  provided  confirmation  of  design  criteria  and  insights  into  ice 
structure  interaction  processes.  As  well,  the  instruments  were  linked  to 
a  real-time  ice  alert  and  ice  defence  system,  which  provided  comfort  to 
both  the  operating  staff,  management,  and  regulators,  especially  as 
islands  were  being  built  in  ever  Increasing  water  depths. 

Results  from  these  early  ice  force  monitoring  projects  are  contained  in 
the  original  company  reports  which  are  now  available  through  APOA  (see 
Table  I).  Sanderson  (1964)  refers  to  the  results  and  provides  a  brief 


bending  in  the  ice  sheet  which  also  induced  cracking  of  the  ice.  Hie 
bending  and  cracking  of  the  ice  made  comparison  between  sensors  rather 
difficult. 

The  instrumentation  of  the  Esso  caisson  retained  island  has  been 
described  by  Hawkins  et  al  (1983).  At  both  sites  where  the  caisson  has 
been  deployed  (Kadluk  and  Amerk  -  see  Table  L),  in  situ  ice  sensors  have 
been  deployed  also.  Results  from  the  in  situ  sensors  are  reported  by 
Johnson  et  al  (1985),  Croasdale  (1985),  Sayed  et  al  (l98b).  At  the  Amerk 
location  ice  panels  were  placed  in  the  refrozen  ice  rubble  surrounding 
the  caisson.  The  objective  of  the  program  was  to  investigate  load 
transfer  through  the  grounded  ice  rubble  to  the  steel  caisson.  Hie 
results  of  the  work  indicate  that  at  low  load  levels  (i.e.  250  kPa 
applied  at  outside  edge  of  rubble),  all  the  load  appears  to  be 
transferred  to  the  underwater  berm  via  the  grounded  ice  rubble,  and  the 
caissons  see  no  load. 

Results  from  the  monitoring  of  the  SSDC  at  Uviluk  and  other  locations 
have  not  been  published  yet. 

One  other  application  of  in  situ  sensors  which  is  in  its  early  stages 
(and  is  referred  to  in  Table  1)  is  to  measure  the  driving  forces  in  the 
pack-ice.  In  the  context  of  ice  forces,  the  incentives  for  such 
measurements  was  discussed  by  Croasdale  and  others  in  1984.  A  project  on 
the  topic  financed  by  the  Government  of  Canada  (proposal  -  Croasdale, 
1985)  led  to  a  trial  deployment  of  sensors  in  a  multi-year  floe  in  the 
southern  Beaufort  Sea  in  April  1986.  The  sensors  had  been  specially 
designed  for  the  low  stress  expected,  and  extensively  cold  room  tested 
prior  to  field  deployment.  The  results  from  the  program  will  be 
published  in  1987. 

3.7  In  situ  sensors  -  comments  on  installation  and  removal 
Panel-type  sensors  are  usually  installed  using  long-bladed  chain  saws. 

The  thicker  the  ice  the  more  difficult  this  operation  becomes.  Ice  up  to 
about  1  m  thick  is  usually  no  problem,  ice  thicker  than  1.5  m  presents 
quite  a  challenge.  Even  though  panel  sensors  are  thin,  they  are  thicker 
than  a  normal  chain  saw  blade  and  it  is  usually  necessary  to  make  two 
parallel  cuts  about  lU  cm  apart.  Care  should  be  taken  to  avoid  breaking 


discussion  of  an  event  during  which  ice  stresses  up  to  l.U  MPa  were 
measured.  Interpreted  average  stress  across  the  island  width  was 
l.Z  MPa. 


In  1981  the  Tarsivit  caisson  island  was  constructed  in  22  m  of  water.  It 
was  a  significant  departure  in  design  from  the  dredged  islands  built  to 
that  time.  Therefore  it  was  decided  to  invest  heavily  in  instrumentation 
for  both  operational  safety  and  research  purposes.  The  two  seasons  of 
data  gathering  at  Tarsiut  are  referred  to  in  Table  1  and  have  been 
discussed  by  Sanderson  (1984),  and  Pilkington  et  at  (1983).  Note  that 
the  Medof  panel  is  based  on  the  internal  design  of  the  original  Esso 
panel  but  uses  the  volume  change  of  a  fluid  to  indicate  strain  (the 
original  Esso  sensor  measured  capacitance).  Also  note  that  the  Tarsiut 
second-season  program  utilized  surface  strain  meters  as  a  method  of 
estimating  total  loads  on  the  island  (Sanderson,  1984).  No  results  from 
the  Tarsiut  monitoring  programs  have  yet  been  published  but  Pilkington 
et  al  (1983)  notes  that  "The  strain-gauged  flat  jack  panels  (on  the 
structure)  and  the  Medof  panels  (in-situ)  provided  the  best  ice  load 
information,  and  generally,  reasonable  agreement  was  noted  betw. en  these 
instruments  where  they  could  be  compared." 

Adams  Island  is  a  small  natural  rock  island  at  the  north  end  of  Baffin 
Island.  It  was  chosen  by  the  National  Research  Council  of  Canada  as  a 
site  to  conduct  ice  interaction  research.  In  situ  instruments,  both 
stress  meters  and  strain  meters  were  used.  Details  of  the  programs  and 
results  are  given  by  Frederking  et  al  (1984  and  1986).  A  typical  output 
from  one  of  the  biaxial  stress  sensors  is  shown  as  Figure  7.  Maximum 
principal  compressive  stress  measured  in  the  ice  was  about  350  lOPa.  (The 
ice  was  land-fast,  with  movements  up  to  300  mm/day  and  a  strong  tidal 
cycle) . 

The  Nanisivlk  Dock  on  Baffin  Island  was  also  a  site  where  in  situ 
instruments  were  deployed  during  the  winter  of  1983/84  (see  Table  1). 

Four  different  types  of  stress  sensor  and  one  strain  meter  were  used. 

The  overall  objective  of  the  program  was  to  compare  results  from  a 
variety  of  sensors  Installed  at  the  same  location.  The  results  are 
described  by  Croasdale  (1985).  In  general,  compressive  stresses  In  the 
Ice  around  the  dock  were  low.  There  was  a  strong  tidal  cycle  causing 
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through  to  water  until  the  full  slot  perimeter  has  been  cut  as  deep  as 
possible  (dry  slots  are  easier  to  cut  than  wet  slots,  especially  in 
extremely  cold  weather). 


If  a  chain  saw  is  not  available  a  slot  can  be  made  using  a  continuous 
line  of  augered  holes,  broken  between  if  necessary,  using  an  ice  chisel. 
Where  a  major  installation  of  ice  panels  is  planned  around  a  structure,  a 
tractor  equipped  with  a  ditching  blade  is  well  worth  having,  and  will 
save  considerable  labour.  Slots  can  also  be  cut  with  steam  or  hot  water, 
which  incidentally,  is  the  preferred  method  of  panel  removal. 

Panel-type  sensors  should  never  be  placed  closer  together  than  about  2  ra. 
It  is  important  to  perform  final  checks  on  the  sensor  operation  and  to 
take  zero  readings  prior  to  installing  the  sensors  in  their  slots 
(recognizing  that  the  temperature  of  the  sensor  lying  on  the  ice  will 
usually  be  colder  than  when  it  is  frozen  in).  Freeze-in  stresses  will 
often  be  recorded  by  sensors  (typically  up  to  350  kPa),  but  they  are 
usually  relieved  by  creep  over  a  period  of  the  first  few  days  of 
operation  of  the  sensor. 


Smaller  cylindrical  and  disk-type  sensors  (say  less  than  10  cm  diameter) 
can  be  installed  in  augered  holes.  This  operation  of  course  is  much 
easier.  In  this  case  the  depth  of  the  holes  can  be  set  less  than  the  ice 
thickness  and  the  sensors  flooded  from  the  top.  The  only  advantage  is  to 
be  able  to  use  fresh  water  rather  than  saline  water  when  operating  on  sea 
ice.  Experience  indicates  that  under  typical  winter  arctic  conditions 
the  choice  of  sea  water  or  fresh  water  as  a  backfill  material  is  not 
critical.  Under  warm  conditions,  fresh  water  is  preferred  in  order  to 
avoid  the  low  modulus  associated  with  warm  saline  ice.  Under  relatively 
warm  conditions  the  freezing-in  process  can  be  accelerated  by  using  a 
pack  of  dry  ice  at  the  surface  and  by  putting  back  the  ice  cuttings  into 
the  augered  hole  after  sensor  installation. 

In  situ  calibrations  of  ice  sensors  have  been  attempted  using  thin  flat 
jacks  inserted  into  slots  close  to  the  sensors.  Results  from  these 
calibrations  are  often  ambiguous  because  of  uncertainty  about  the  actual 
stress  distribution  induced  in  the  ice  by  the  flat  jack.  For  sensors 
which  are  temperature  sensitive  it  is  usually  necessary  to  install  a 
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thermistor  string  close  to  the  sensor  through  the  ice  thickness.  Sensors 
should  be  installed  in  a  flat  and  even  area  of  the  ice  sheet,  away  from 
any  cracks  which  may  already  be  in  the  ice.  If  it  is  not  possible  to 
install  a  rosette  of  stress  sensors,  then  a  strain  meter  rosette  on  the 
ice  surface  near  the  stress  sensor  may  be  very  helpful  in  interpretation 
of  the  stress  readings. 

3.8  In  situ  ice  sensors  ~  the  future 

The  technology  of  ice  stress  sensors  is  now  reasonably  well  developed. 
Sensors  of  various  geometries  ranging  from  thin  wide  panels  to  small 
stiff  cylindrical  sensors  appear  to  function  satisfactorily.  Remaining 
problems  are; 

-  improving  installation  and  removal  procedures  especially  for 
remote  applications; 

-  development  of  a  sensor  which  does  not  have  to  be  frozen-in  ffor 
summer  multi-year  floe  impact  studies  either  by  ships  or  against 
structures ) ; 

-  reducing  sensor  costs  (so  that  they  can  be  abandoned  if 
necessary ) ; 

-  further  work  on  low  stress  range  sensors  for  pack  ice  force 
measurements  (work  on  this  has  already  started;  Croasdale,  1985). 

4.0  Ice  Forces  from  Floe  Motions 

Another  approach  to  measuring  ice  forces  during  ice-structure  interaction 
is  to  deduce  the  ice  forces  from  floe  motions  during  an  impact.  Such  an 
approach  was  used  at  Hans  Island  in  1980,  1981  and  1983.  At  Hans  Island 
the  decelerations  of  multi-year  floes  impacting  the  island  were  measured. 
By  also  estimating  the  mass  of  the  floes,  the  ice  forces  acting  between 
floe  and  island  were  deduced.  These  experiments  have  been  described  by 
Metge  et  al  (1981)  and  Danielewicz  et  al  (1983).  Readers  are  referred  to 
these  references  for  a  detailed  discussion  of  the  technique. 

5.0  Loads  on  Structures 
5. 1  General 

Where  structure  ;  are  placed  in  ice-covered  waters  an  opportunity  is 
presented  for  direct  measurement  of  ice  loads.  Generally  this  can  be 
accomplished  by  one  of  three  fundamental  approaches:  (i)  measure 
strains,  deformations  or  movements  of  the  structure  itself,  (ii)  addition 


of  Load  sensing  panels  to  the  structure,  and  (iii)  in  cases  of  dynamic 
Loads,  measure  acceLerations  of  the  structure,  which,  when  combined  with 
a  knowLedge  of  the  dynamic  response  of  the  structure,  al Lows  Loads  to  be 
determined.  AIL  three,  but  particularly  the  first  two  approaches 
generate  information  relevant  to  both  local  and  global  ice  li^ads. 

The  first  direct  measurements  of  ice  loads  were  on  hydraulic  structures 
such  as  bridge  piers,  dams  and  lighthouses.  Measurements  were  carried 
out  in  the  Soviet  Union,  United  States  of  America,  Germany,  and  Canada 
prior  to  1970.  In  the  past  decade  and  a  half,  efforts  liave  concentrated 
on  measurements  on  offshore  structures  in  marine  environments.  As 
indicated  in  the  Introduction,  this  review  will  concentrate  on  more 
recent  experience  in  North  -\raerica.  Each  of  the  three  measurement 
approaches  will  now  be  considered  in  general.  The  remainder  of  this 
chapter  will  contain  a  number  of  case  studies,  critical  comments  and  a 
conciudtitg  statement  on  the  current  status  and  future  directions. 

5.1.1  Structural  measurements 

Tlie  structure  itself  can  be  used  as  a  transducer  by  measuring  strain  in 
components  of  the  structure,  relative  deformations  between  parts  of  the 
structure,  or  absolute  movements  of  the  structure.  In  all  cases  some 
form  of  calibration  is  needed  to  convert  the  measurements  into  ice  loads. 
Conversion  can  be  accomplished  by  analytical  calculations  or  by  physical 
Load  calibration  tests.  Analytical  calibrations  require  an  accurate 
description  of  the  geometry  of  the  components  of  the  structure,  the 
nature  of  the  interconnections  between  the  components,  and  the 
constitutive  relations  for  the  materials  from  which  the  components  are 
constructed.  In  Larj^e  steel  or  reinforced  concrete  structures  such 
analytical  expressions  gener.ilLy  exist  since  they  are  used  in  design. 
However  tliey  require  adaptation  to  make  the„i  suitable  for  load 
predictions.  When  such  expressions  can  be  derived  with  adequate 
accuracy,  p.iint  loads  or  load  distributions  can  be  deduced  fri.)ra  strain  (jr 
de  f  o  rinat  1  on  measuremeoits  in  tlie  structure.  Ambiguities  in  liiterpretat  ion 
may  arise  due  to  redundancies  in  the  load  paths  between  load  appLic.ation 
points  eld  striin  gauge  locations.  Analytical  calculations  also  are 
requi  re  i  to  ipt'clse  t'ne  locttion  of  instrumentation. 


Alternatively,  physical  calibration  tests  can  be  done,  i.e.  known  loads 
or  load  distributions  are  applied  to  the  structure  and  the  resulting 
strains  or  deflections  are  measured.  Physical  calibrations  potentially 
are  more  accurate  provided  that  the  nature  of  the  actual  ice  load  Is 
correctly  anticipated.  However,  physical  calibrations  are  expensive  to 
perform  and  have  a  limit  on  how  far  they  can  be  extrapolated.  Ideally  a 
combination  of  physical  and  analytical  calibrations  should  be  used. 

The  actual  type  of  transducer  used  in  this  type  of  measurement  Includes 
strain  gauges  or  displacement  transducers.  Strain  gauges  are  bonded  to 
parts  of  the  structure  which  are  expected  to  have  high  sensitivity  and 
accurate  response  to  tlie  anticipated  loads.  Similarlly,  displacement 
transducers,  pendulums,  borehole  inclinometers  or  laser  beams  have  been 
used  to  measure  relative  displacements  between  different  parts  of  a 
structure.  Surveying  instruments  including  laser  ranging  devices  are 
used  to  measure  absolute  d  is()  lacement  s  of  the  structure. 


5.1.2  Add-on  transducers 

l-oad  sensing  panels  iiave  been  placed  on  or  in  the  outer  surface  of 
structures  to  measure  ice  l-.iads.  iitese  are  special  purpose  instruments 
which  are  designed  or  adapte<l  to  d.irectly  measure  ice  li-)ads.  In  essence 
they  consist  of  some  sort  of  plate  or  |>ane  1  to  colU-ct  i  -e  load  and  a 
load  measuring  t  ransduin*  r .  'Hu'  collector  jtanel  •an  vary  in  si/.e  t  r  )m  a 
few  millimeters  to  a  few  meters.  ine  load  neas  iriug  iransduror  can  have 
several  levels  >t  soplii  st  icat  i  ori ;  i.e.  measure  i  ital  n)r-na’.  1  laus,  suear 
loads  and  load  d  is  t  r  i  hu  t  ions .  Tivy  .-a..  pri.-ide  in;  ci  ,-i  1  .ni’i 

loads,  local  loads  and  pressur<’-a  rea  .iistriUu^;  i.is. 

Load  or  pressure  panels  are  ,i  more  .lire.-r  wi.  n.  ■  i  c  i  ,  ••  :  ,i'-  ■;( 

structural  measurements,  but  bridgi-ic  eit--,  t,  ;  ,  ;  i,i  . 

problem  of  In  situ  t  rnnsduc.-rs  i  pro-.. 'it  yr  >  i .•-,s .  I-  i  .  .  • 


match  the  stiffness  and  surt  u-i 
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those  of  the  structure.  Tills  task  is  u.i  tri.i  i  . 
stiffer  than  the  surround  itig  strictur--  i:  - 1  .i  :  • 

if  it  is  more  compliant  it  will  tend  to  si,.' i  '  ,i:. 
elastic  nor  a  simple  fluid,  but  is  vi,  -.  i  ts'i  , 
of  pressure  is  complex.  It  is  desiribl.-  ihit  (i>  :  ,  ; 
using  ice. 
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No  theory,  similar  to  that  for  in  situ  transducers,  has  been  develojied 
for  the  design  and  placement  of  force  or  pressure  transducers  on 
structures  subject  to  ice  loads,  (’raham  et  al  (i9Wd)  have  sugested 
criteria,  which,  while  developed  for  soils,  could  in  the  absence  of  any 
.)ther  guidelines,  be  applied  for  ice.  The  following  criteri.i  migliL  be 
applied:  (i)  for  a  diaphram  type  pressure  sensor  under  a  uniform 

pressure  the  ratio  of  diaphram  diameter  to  centre  deflection  sh ould 
exceed  20(10  at  rated  pressure,  (ii)  for  a  rigid  plate  transducer  the 
ratio  of  diameter  to  deflection  should  exceed  10,000  at  rated  load.  Ihi*. 
is  a  subject  which  requires  further  work. 

One  class  of  transducer  includes  small  circular  diaphram  types  whi  li  use 
strain  gauges  or  pressure  gauges  to  measure  ice  pressures  on  their 
sensing  surface.  Tlie  sensing  surface  is  generally  mountei  flush  with  the 
structure  surface.  The  other  class  of  transducer  uses  a  large  panel  witii 
some  type  of  load  cell  sandwiched  between  It  and  the  stritcture.  r'le  1  on.', 
cells  employ  strain  gauges  or  hydraulic  pressure  tranducers  as  s'lsiog 
e lement  s . 

o.l.i  Accelerometers 
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i'iiy s i ,1 1  chI  ibracions  can  he  carried  out  whereby  a  known  load  is  applied 
to  tile  structure  ami  the  dynamic  response  measured.  From  tlie  dynamic 
res ,1. a  tr.iiist'er  function  can  be  derived  which  allows  dynamic  forces 
t  j  he  cal  ciliated  from  measured  accelerations. 

■> .  -  ice  load  case  studies 

'e>  ii'iitioned  in  the  introduction  of  tiiis  chapter  there  have  been  a  number 
it  projects  to  neasure  ice  loads  on  structures.  A  partial  inventory  of 
sue!;  projects,  together  with  some  of  their  salient  features  is  presented 
in  Table  L.  In  selected  instances  more  detailed  information  follows. 


i.t.l  bridge  piers 

■'  ^  .'1  bridge  piers  lias  shown  that  simple  load  measuring  systems,  noses 

■o  lil.'s  lunged  below  tlie  water  line  and  supported  by  a  load  cell  above 
111"  -.ifo.  line,  are  most  reliable.  Tliey  only  produce  information  on 
'  •!  li  lolls,  liowever,  such  systems  can  be  made  relatively  stiff  and 
t  .  intaln  ice  Loads  indeiiendent  of  the  measuring  system 
1  t  r  ic  t  f  i  s  t  i  • -i .  The  piers  themself  may  have  a  natural  frequency  in  Che 
■  1  ;  '!  tiie  applied  ice  Loads.  Tl-ierefore  it  is  important  to  know  the 

;  '  .  ;  .  11  ir  1C t e r i  s t  i cs  of  the  pier  so  tliat  true  ice  forces  can  be 

,  1  •'lo'i ,  tree  oi  any  resonant  condition.  Whatever  type  of  ice  load 
I  -  I ;  •"■le  1  •  is  made,  it  is  higbly  desirable  that  realistic  physical 
iinrit ;  Li-sts  be  c.irried  out.  Tiiis  is  particularly  so  in  the  case  of 
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5.2.3  Petroleum  exploration  structures 
Tarsiut 

Tarsiut  is  the  location  of  a  concrete  caisson  retained  island  in  the 
Beaufort  Sea.  It  comprises  4  sand-filled  caissons  which  in  turn  enclose 
a  sand-filled  core.  The  structure  is  about  lUU  m  across  at  the  water 
line  and  has  a  vertical  outer  surface.  The  caissons  are  10  m  high  and 
rest  on  a  berm  which  comes  to  within  6  m  of  the  water  surface.  The 
structure  was  extensivley  instrumented  to  measure  ice  loads  (Pilkington 
et  al,  1983)  both  for  operational  safety  reasons  and  for  future  design. 
See  Figure  8  for  a  schematic  presentation  of  instrumentation  locations. 

Instrumentation  comprised  sensors  to  measure  loads  on  the  outer  face, 
strain  gauges  embedded  in  the  concrete  and  geotechnical  sensors  in  the 
foundation  and  core.  The  strain  gauges  were  of  a  weldable  type  and  were 
attached  to  the  steel  reinforcing  rods  in  the  concrete.  Gauge  locations 
were  selected  on  the  basis  of  finite  element  calculations  which  also 
provided  calibration  coefficients  for  converting  the  measured  strains  to 
ice  loads.  From  the  distribution  of  gauges  it  was  possible  to  establish 
load  distributions  and  global  loads.  In  spite  of  the  care  taken  in  the 
Installation  of  gauges  and  cables,  only  a  third  of  the  gauges  were 
operational  at  the  begining  of  the  measurement  program.  Fortunately 
there  was  sufficient  redundancy  that  useful  results  could  still  be 
obtained.  A  system  of  four  4  m  by  4  m  flat  jack  panels  was  attached  to 
the  outside  of  the  east  caisson  (see  Fig.  8  for  locations).  The  outer 
face  of  each  panel  was  a  89  mm  thick  steel  plate  to  ensure  that  applied 
ice  loads  were  uniformly  distributed  to  the  lb  flat  jacks  behind  each 
panel.  Pressure  transducers  measured  the  flat  jack  pressures. 

Circular  load  cells  were  mounted  in  880  mm  diameter  recesses  in  the  north 
caisson.  Ttie  sensing  face  was  supported  on  shear  bars  or  spiral  coil 
iiydraulic;  hoses.  For  more  details  on  the  characteristics  of  these 
transducers  see  Graham  et  al  (1983).  The  shear  bar  transducers  had  a 
number  of  desirable  features  (low  temperature  coefficient,  no  creep  and 
lilgh  stiffness),  Tlie  spiral  coil  transducers  had  less  desirable  features 
but  Were  Inexpensive.  Unfortunately  a  stfjrm  in  tlie  autumn  led  to  water 
entering  these  gau>'es  and  making  a  number  of  them  Inoperable.  Finally 
eight  'll  mm  diameter  mli:rostud  gauges  were  Installed  in  one  of  the  flat 
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jack  panels  to  measure  local  pressures.  These  were  a  diaphrara  type  of 


pressure  gauge. 


Experience  over  the  winter  1981/82  showed  that  the  embedded  strain  gauges 
and  flat  jacks  provided  consistent  and  reasonable  ice  load  information. 
Inclinometers  provided  qualitative  confirmation  of  major  ice  loading 
events  and  quantitative  information  for  operational  purposes. 


Single  Steel  Drilling  Caisson 


The  SSDC  is  a  converted  super  tanker  which  has  undergone  extensive 
modifications  to  adapt  it  for  use  as  a  support  structure  for  year-round 
exploratory  drilling  in  the  Beaufort  Sea.  The  structure  is  162  m  long, 

53  m  wide,  and  25  m  high  and  is  designed  to  rest  in  a  water  depth  of  9  m. 
A  submarine  berm  is  constructed  to  achieve  this  water  depth.  All  sides 
are  vertical  at  the  water  line.  This  structure  was  usually  surrounded  by 
a  small  grounded  rubble  field. 


A  total  of  16  1  X  2  m  Medof  panels  was  attached  to  the  outer  hull  of  the 
bow,  port  side  and  stern  in  side-by-side  pair  arrays.  There  were  also 
two  flat  jacks  on  the  bow  and  a  number  of  shear  bar  panel  sensors  on  the 
starboard  side.  The  shear  bar  panels  had  sensor  areas  0.5  x  0.5  m, 

1  X  1  m  and  1  x  2  m.  They  were  arranged  in  arrays  so  that  vertical  ice 
pressure  distributions  and  an  indication  of  pressure-area  relations  could 
be  obtained.  Bulkheads  were  also  strain-gauged.  The  shear  bar 
transducers  performed  well  under  dynamic  ice  loads.  A  critical  feature 


in  the  installation  was  the  protection  of  the  electrical  cables  from  the 


ice  pressure  panels.  They  ran  up  the  outside  of  the  hull,  and  although 
protected  behind  steel  angles,  still  were  subject  to  damage  due  to  supply 
boats  impacting  on  them. 


Caisson  Ketained  Island 


The  CRI  is  an  eight -segment  octagonal-shaped  steel  structure.  It  is 
about  1 18  m  acrrjss  on  the  flats,  l2  m  high  and  the  outer  face  is  inclined 
f  8iJ°  from  ttie  vertical).  A  central  core  92  m  ai'ross  is  tilled  with  sand. 
In  s  t  rumen  t  a  1 1  on  consists  ot  sensi>rs  for  ire  loads  oi\  the  outer  surface  of 
the  caisson,  strain  gauges  on  structural  elements  of  the  caisson  and 
geoterhn  1  !-a  1  sensors  In  the  sand  core  and  under  the  ftnindatlon  (Hawkins 


•. 


et  al  19b3).  A  schematic  of  the  layout  of  the  sensors  is  shown  in 
Figure  9. 

Ice  force  sensors  on  the  outer  surface  comprise  three  different  sizes  and 
types.  The  smallest,  microcells,  are  165  mm  in  diameter.  They  are  a 
temperature  compensated  strain-gauged  diaphram  type.  Four  clusters  of  4 
sensors  are  mounted  on  Che  north  quadrant  of  the  caisson  at  the  water 
line.  They  measure  point  or  local  ice  loads  and  have  high  load  capacity 
and  short  response  time.  The  sensors  are  mounted  flush  with  Che  caisson 
surface.  The  next  type  of  sensor  is  an  815  mm  diameter  maxicell.  Tliese 
sensors  measure  pressure  in  a  spiral  coiled  hydraulic  tube  sandwiched 
between  two  steel  plates.  It  is  effectively  a  lo  id  cell  with  an 
equivalent  capacity  of  7  MPa.  Because  of  its  construction  it  does  not 
have  a  short  response  time.  A  total  of  8  of  these  sensors  are  mounted  on 
the  southern  half  of  Che  caisson.  They  are  supported  by  structural 
stringers  and  are  flush  with  the  surface.  The  third  type  of  sensor  is  a 
shear  bar  type  with  a  load  sensing  surface  2. 1  m  high  by  U. 5  m  wide. 
Strain  gauged  shear  bars  sense  the  normal  component  of  the  ice  load 
applied  to  them.  Nine  of  these  sensors  are  deployed  around  the  nortliern 
half  of  the  caisson.  For  more  details  on  the  specifications  ol  those 
sensors  see  Graham  eC  al  (  1983).  Tlie  internal  structure  of  tlie  caissons 
is  Instrumented  with  156  weldable  strain  gauges.  Ttie  locations  were 
determined  from  a  finite  element  analysis  which  also  provided  a  means  tor 
Interpreting  the  ice  loading  from  the  measured  stra  ns. 

Geotechnical  sonsijrs  are  used  to  m»>asure  tlie  rospuiso  hotwe.oi  tlie  ai'.-.ii 
and  tlie  sand  and  toundation.  Tlie  1  nsi  ruiinuu  at  ion  comprise-,  t  u  i! 
pressure  cells,  pcjre  pressure  rolls  and  1  n-' I  1  iioim^  t  o  r  s  . 


il  (ri8))  nreseifed  .1  method  tor  Cl  1  .11  1  It  i  11.'  1  oii.i  i 


trim  strain  me-isuroment  s 
Con s  1  1,'  rod  t  I  h.‘  ac c n  r  .1 1  < 
i  r  iss  i  sp.in  <!  .! .  am  )  w.ts 
modulus  du,'  [  I  dr  i  dgi  ng  •' 
no  -IS  u  r  >une  u  f  s  with  t  ho  m  i  > 
(uo  s  r  1  o  n  o  t  hr  1  rig  i  n>'.  hut 


Oil  wch 

t  rame^ . 

n.e  gl 

< )  h 

t  o  wi  t  11  i  '1 

Idlo  1 

..1- 

t  ,011.1  ' 

,  o**  '.'or.’ 

nil  1 .  h 

1 

i  t  ec  t  a 

1  1  SCOSSO.t 

1  n  so 

t  ( 

r  ■  ,1  e  1  1 

• ,  n  s  h ,  • .  1  ; 

hii  p.i 

1 1  •  ’ 

nolle  .It 

•  ■  /,  1  V.'  u  . 

1  ... 

I  etri 

:  '  I  1 

,  t  1  -  - 


I  .  t  d  -■  t  '  1 .  ■  '  .  i 


1  I  -  u  1  .1 1  od  w.'  • 
i  i  •.  t  t  1  tiut  1  Cl 
■  t  '  h.'  I  - 


'<J  •  U  1  I  t  1  .11 


1  /9 


h  I  I 


n  1  ,  1  t  ,  •  ,  .  1  - 


1 


Molikpaq 

The  Molikpaq  is  a  bottom  founded  steel  caisson  structure  designed  for 
year-round  use  in  Che  Beaufort  Sea.  It  is  89  m  across  at  the  water  line 
and  encloses  a  sand-filled  core.  The  exterior  surface  is  sloped  at  1:10 
from  the  vertical.  The  structure  has  been  deployed  in  water  depths 
exceeding  20  m  which  places  it  in  an  area  of  moving  ice  most  of  the 
winter.  Consequently  no  protective  rubble  field  forms  around  the 
s  t.  rue  Cure . 


\;i  extensive  array  of  sensors  is  installed  on  tlie  structure  to  help 
assure  operational  safety  as  well  as  Co  provide  collecting  data  for 
analysis  purposes  (Rogers  et  ai  19Bb).  The  iTistrumentation  Includes 
Medot  ice  load  panels  on  the  outer  surface  of  the  structure,  strain 
yiuges  on  various  internal  elements  of  the  caisson,  extensoraeter s  to 
'Tiii'.nr'-  k',lob,il  distortion  ol  the  caisson,  accelerometers ,  piezometers, 
r  ital  pTi'ssore  cells  to  measure  Interaction  pressures  between  tlie  b.asc  of 
' ’’I'  ■ai'ksi",  lilt  Cue  soli  toiindation,  inplace  inclinometers  to  measure 
■'ll'  i di,'!  .fn  It  ions  it  t  hi,*  sand  core,  and  video  cameras  to  document 
I  '.true!.  Me  111  ute  modes.  nie  Me'!*)!  panels  (I.  I  *■  !.<’  m)  are  a  total 
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of  the  ballast  water  in  the  ballast  tanks  of  the  caisson.  In  this  way  a 
known  physical  load  could  be  generated  to  verify  the  response  of  the 
strain  gauges. 
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Tile  strain  gauges,  Medof  panels  and  out-of-round  distortion  of  the 
caisson  have  produced  consistent  predictions  of  global  Ice  loads, 
because  of  the  absence  of  a  rubble  field  the  Ice  loading  has  a  strong 
dynamic  character.  Tlie  accelerometers  and  strain  gauges  gave  similar 
results  indicating  ice  loading  frequencies  in  the  range  0.5  to  Hz. 

T .  d . -t  Measurements  on  ships 

iechiii  pies  used  to  measure  ice  loads  on  ships  provide  another  source  of 
expiTien  wiiich  can  he  examined.  They  are  similar  to  those  used  on 
structures,  so  are  ot  definite  Interest.  A  number  of  studies  carried  out 

,i!  Seme  oi  t  lie  r  r  features  are  enumerated  in  Table  2.  The  following 

li-,  ussi  in  will  focus  briefly  on  the  tecliniques  used. 

ill"  •  1  I  •  ate.',  irv  ut  technique  to  be  examlneil  is  ttiat  of  "add-on" 
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The  other  approacti  is  to  apply  strain  gauges  to  the  structural  frame 
elements  of  the  vessel  which,  together  with  a  finite  element  analyis, 
allows  ice  loads  to  be  determined.  Both  total  loads  and  load 
distribution  can  be  determined.  As  witli  structures,  the  location  of  the 
gauges  is  critical.  The  anticipated  ice  loading  has  to  be  simulated  in 
order  to  interpret  the  strain  results.  Global  loads  are  generally 
interpreted  by  treating  the  hull  girder  as  a  beam  in  bending.  Another 
approach  to  obtain  Load  distribution  information  as  well  as  total  loads 
is  to  measure  shear  strain  difference  between  upper  and  lower  ends  of  a 
frame  and  interpret  it  with  a  load  Influence  coefficient  matrix  generated 
wltli  a  finite  element  analysis.  'lliese  techniques  have  been  successful. 

b . J  Loads  on  structures  -  comments 

Ttie  load  mi-'isiiring  Last  rumentat  ion  which  lias  been  most  successful  has 
been  thv'  lirgt'  panel  type  of  tr.insducer  having  a  contact  area  in  the 
oriJe’.'  it  i  Ti‘ .  Ihese  large  panels  can  he  made  ijuite  rugged.  The  results 
•  he  '  can  he  ased  suci-ess f u 1 1  y  ti)  predict  total  li'jads  acting  on  a 

I.  rn  c  :  a  I  .  ■ .  '.ii',',.,  rraasdncTs  liavi;  produced  useful  information  on  local 

i  1  iidi'ig  i-'i  -i,’ ;  s  tint  a  p|i  I  rent  1  y  have  not  been  of  much  use  in  the  case 
1  u  'c  1 L  r'  1C ;  ,1 1  .■  s  .  1  ,  the  cas.-  of  any  type  of  panel  type  transducer, 

!  iTi’e  o  c'T  a  !  1  ,  tlc-r.'  is  still  a  need  for  a  better  theoretical 
im;  •'  1.,  a  tan  "  nr  i  1-.’ i  i.’ ”  pheiiomeni  ni . 
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care,  attentloa  to  detail  and  "good  luck,"  are  necessary  components  to  a 
successful!  program. 

6.0  Conclusions 

Field  techniques  for  ice  force  measurements  have  been  the  subject  of  a 
number  of  major  studies  over  the  past  decade.  Extensive  instrumentation 
is  now  available,  both  in  the  form  of  transducers  and  data  loggers.  An 
adequate  theoretical  basis  is  available  in  most  cases  for  interpreting 
results.  Our  understanding  of  ice  forces  on  structures  is  still, 
however.  Incomplete.  Every  opportunity  must,  therefore,  be  taken  to  use 
the  techniques  available  to  measure  and  observe  ice/structure  interaction 
phenomena. 
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FIGURE  1 

INCLUSION  FACTORS  FOR  IN-SITU  STRESS  MEASUREMENTS 
(AFTER  METGE  ET  AL.,  1975) 


FIGURE  2 

LOCATION  OF  STRESS  SENSORS  AROUND  NETSERK  F  40 
(AFTER  SANDERSON,  1984) 
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FIGURE  3 

DISTRIBUTIONS  OF  RADIAL  STRESS  AS  IT 
DECAYS  WITH  DISTANCE  FROM  A  CIRCULAR 
INDENTOR  (AFTER  WANG  AND  RALSTON,  1983) 


PRKUICTEU  PRESSURE  UN  STRUCTURE 
FRC’M  SENSOR  READING  (KPa; 


FIGURE  4 

RESULTS  FROM  ICE  STRESS  PANEL  IN  LARGE 

SCALE  ICE  BASIN  TEST 

(AFTER  CROASDALE  ET  AL.,  1984) 
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"ACl£  1  application  of  IN-SITU  methods  F'0»<  ice  force  measurements  in  CANADIAN  ARCTIC 

(After  Sanderson,  1984) 
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table  2  C\SEi  OF  ICE  FORCES  MEASUREMENTS  ON  STRUCTURES 
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ABSTRACT 


A  state-of-the-art  review  is  presented  for  iceberg  impact  forces  on  offshore  structures.  A 
detailed  description  is  given  of  the  expected  brittle  crushing  failure  of  the  ice.  Since  no 
iceberg  impacts  have  been  observed,  the  description  was  obtained  from  laboratory  and  field 
impact  tests.  Various  strength  theories  are  discussed.  The  drop  ball  test  is  analyzed  for  the 
constant  strength  and  viscous  strength  theories,  and  it  is  concluded  that  the  results  do  not 
significantly  differ.  Therefore,  the  simpler  constant  strength  theory  is  recommended  for  use. 
A  review  of  the  literature  showed  that  there  is  very  little  published  data  on  the  brittle  impact 
strength  of  ice.  particularly  in  regard  to  the  so-called  size  effect.  There  are  some  propiietary 
data  in  the  oil  industry. 


A  review  is  given  for  the  analysis  of  an  iceberg  impacting  a  structure.  The  resulting  deforma¬ 
tion  and  motion  of  the  iceberg,  structure,  and  soil  influence  the  interaction  force.  A  review  of 
the  literature  suggests  that  ice  crushing,  local  contact  shapes,  and  iceberg  rotation  are  the 
more  significant  factors.  A  simplified  equation  is  developed  to  account  for  the  horizontal 
rotation  of  the  iceberg. 


Since  the  iceberg  parameters  can  vary  over  wide  ranges,  it  is  recommended  that  each 
parameter  be  described  by  a  probability  of  exceedance  distribution.  A  numerical  method  is 
described  to  obtain  the  probability  of  exceeding  the  impact  force. 


The  design  ice  force  should  then  be  selected  by  a  return  period  or  the  probability  of  exceeding 
the  force  for  a  given  time  period.  The  overturning  and  torsional  moments  on  the  structure  can 
be  similarly  selected. 


ii  ii  >  A,*'* 
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INTRODUCTION 


This  paper  gives  a  state-of-the-art  review  of  iceberg  impact  forces  on  offshore  structures 
This  problem  is  important  for  the  design  of  offshore  structures  in  areas  of  drifting  ice  islands  in 
the  Beaufort  Sea  and  icebergs  along  the  eastern  Canadian  coast.  The  oil  industry  is 
considering  offshore  structures  in  these  areas.  This  review  considers  icebergs  impacting 
rigid  structures  sitting  on  the  seabed.  In-depth  discussions  are  presented  for  the  iceberg 
impact  strength,  the  overall  interaction  between  the  iceberg  and  the  structure,  and  methods 
for  statistically  describing  the  impact  force.  Areas  that  have  not  been  included  are  iceberg 
impacts  with  the  seabed  or  underwater  berms,  iceberg  impacts  with  floating  or  moored 
structures,  and  the  influence  of  iceberg  management,  such  as  destruction  and  towing,  on  the 
frequency  of  collisions. 

IMPACT  FAILURE  MODES 

When  a  drifting  iceberg  impacts  an  offshore  structure,  the  impact  force  depends  upon  the 
mode  of  failure  and  the  associated  ice  strength.  Since  iceberg  failure  modes  during  impact 
have  not  been  observed,  possible  failure  modes  are  discussed  by  considering  what  is 
reasonable  to  expect.  Possiole  modes  of  failure  are  crushing,  splitting,  and  bending.  The 
crushing  mode  is  the  most  reasonable  to  expect.  The  splitting  mode  might  occur  for  smaller 
icebergs  after  some  crushing  has  occurred.  In  this  case  the  splitting  would  limit  the  maximum 
crushing  force.  The  bending  mode  could  occur  if  the  iceberg  were  shaped  like  a  beam  or 
plate.  Icebergs  along  eastern  Canada  are  typically  globular  in  shape  rather  than  shaped  as  a 
beam  or  plate. 

The  crusning  mode  of  failure  can  be  classified  according  to  the  depth  of  penetration  and 
speed  of  impact.  Deep  penetrations  produce  different  failure  mechanisms  than  shallow 
,  anetrations.  For  offshore  structures,  we  envision  shallow  penetrations  because  of  the 
bluntness  of  the  structure.  There  has  been  some  work  performed  on  ice  impacts  with  deep 
penetration,  particularly  for  high  speeds,  but  this  work  is  not  applicable  here  and  therefore 
was  not  considered. 

For  shallow  penetration,  there  could  be  two  failure  modes  depending  upon  the  speed  of 
impact.  For  slow  speeds,  a  ductile-type  failure  will  occur  where  the  crushing  strength  is  rate 
dependent  because  of  the  creep  and  flow  of  the  ice.  For  speeds  slow  enough  to  create  ductile 
failures,  the  iceberg  does  not  have  enough  kinetic  energy  to  create  large  impact  forces  For 
fast  speeds,  a  brittle-type  failure  will  occur.  These  two  failure  modes  are  demonstrated  in 
Figure  1  by  the  different  force  signatures  as  obtained  by  Kitami  et  al.|  29  j  Kitami  s  data  were 
obtained  using  sea  ice  and  a  similar  behavior  is  expected  for  iceberg  ice  The  transition 
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speed  between  ductile  and  brittle  failure  depends  upon  temperature,  and  it  is  estimated  to  be 


about  one  centimeter  per  second. 


Figure  1a.  Fast  Brittle  Failure 


Figure  1b.  Slow  Ductile  Failure 


STRENGTH  THEORIES 


Numerous  strength  theories  have  been  suggested  for  ice  impact  failure.  The  simplest  and 
most  frequently  used  is  the  constant  strength"  theory.  This  theory  assumes  that  the  contact 
pressure  between  the  Ice  and  structure  is  uniform  over  the  contact  area  and  is  constant 
during  the  impact.  Vn^  ations  of  this  theory  can  be  considered  where  the  crushing  pressure  is 
a  function  of  velocity  or  strain  rate,  porosity  or  density,  temperature,  crystalline  structure,  and 
size  or  contact  area.  The  velocity  or  strain  rate  dependencies  which  have  been 
protjosed  10.11 .40.42 '  are  those  obtained  from  ductile  modes  of  failure  which  have  not  been 
ve'- ^ec  ‘or  brittle  modes  of  failure.  If  the  strength  is  velocity  dependent,  it  should  be  deter¬ 
mined  ‘rcm  br'bie  modes  of  failure,  not  the  ductile  mode  which  primarily  reflects  the  creep  of 

1^0  irp 


BA'!' 


T-p  strer'utr'  iS  com,[noniy  considered  a  function  of  the  contact  area  Several  authorsi  1 1 .42  i 
mm  ‘unr.t'on  ‘rom  the  aspect  ratio  (width  of  structure  divided  by  ice  thickness)  This 
aspect  ‘..nctior'  ,vas  emp'rica'ly  developed  from  experiments  of  cylinders  indenting  ice 
sneers  a’  s'ow  speeds  where  the  presence  of  the  top  and  bottom  free  surfaces  of  the  ice 
sneet  n'luer'ce  the  faT  "e  load  This  is  not  applicable  for  brittle  crushing  of  icebergs,  and 
"'ere'c  c  h  s  appr each  is  questionable 


For  a  cr  .,'/c,oq  strength,  the  energy  per  unit  volume  of  crushed  material  has  been  proposed 
Ov  son  e  aufi  ors  2  23  26.27  This  is  called  specific  energy.  Specific  energy,  in  principle,  is 
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a  different  strength  criteria  However,  if  the  volume  of  penetration  is  used  for  the  specific 
energy,  the  specific  energy  is  equivalent  to  tfie  constant  strength  criteria. 


Buttle  fracture  theory  considers  the  nucleation  and  propagation  of  cracKs,  Crushing  ot  the  ice 
involves  many  cracKs  and  breaking  of  the  ice  pieces  into  smaller  particles.  The  crushing 
process  of  the  me  is  too  compl'catea  to  be  described  by  brittle  fracture  theory.  The  brittle 
fracture  tfieory  is  used  to  estimate  splitting  of  ice  floesi  1 0 1.  A  similar  approach  can  be  used  to 
esf’mate  rhe  scHting  of  icebergs.  I'or  iceoergs.  ttie  main  problem  is  the  estimation  of  the 
tensile  stresses  near  the  crushed  contact  zone  since  tfie  crack  propagates  from  this  zone.  It 
s  probably  dependent  upon  the  damage  and  local  geometry  created  by  the  crushing 
process 


Tfie  shear  strength  criterion  can  be  applied  to  ice  failure.  Shear  failure  can  occur  in  uniaxial 
and  multia.xial  compression.  The  shear  strength  is  represented  by  failure  surfaces  in  the 
principal  stress  space.  The  shear  strength  of  ice  is  associated  with  the  amount  of  internal 
damage  of  the  ice.  As  the  ice  is  loaded,  internal  cracks  occur.  With  increased  cracking,  the  ice 
can  flow  along  maximum  shear  lines  causing  collapse  and  failure.  The  shear  strength  is  a 
function  of  either  the  hydrostatic  stress  or  the  normal  stress  on  the  shear  plane.  Generally  the 
shear  strength  is  associated  with  ductile  modes  of  failure,  but  could  also  be  applied  to  brittle 
modes.  For  the  broken  and  pulverized  zone  of  ice  that  occurs  during  impact  in  the  brittle 
failure  mode,  a  viscous  theory  has  been  proposed  by  Kheisin  et  al.|  24.31  i.  This  theory  will  be 
elaborated  on  later  in  the  paper. 


Although  strain  failure  theories  have  been  proposed  for  some  types  of  ice  problems,  the 
application  of  a  strain  failure  to  the  iceberg  impact  problem  has  not  been  proposed. 

Hedzian  contact  stresses  are  associated  with  deformation  of  the  contacting  bodies,  not  the 
strength  of  the  matenais  Khrapaty  and  Berezovskir  25  have  extended  the  Hertzian  idea  to 
estimate  contact  stresses  as  a  function  o‘  penetration 


BRITTLE  CRUSHING  FAILURE  OF  ICE 

Based  on  laboratory  and  field  tests  a  detailed  description  of  the  brittle  failure  of  a  blunt  object 
impacting  a  'arge  ice  mass  will  be  given.  Since  conventional  testing  machines  are  not  fast 
enough,  drop  ball  tests  have  been  used.  In  these  tests,  a  weight  with  a  spherical  surface  is 
dropped  on  a  solid  ice  surface.  These  tests  were  first  performed  by  Pounder  and  Littlel  39  j  in 
1959  Later  Kheisin  and  his  coworkersi 22.23.24,31 .33  used  larger  spheres  with  an  accel¬ 
erometer  Drop  ball  tests  have  also  been  performed  by  Tmy  o  and  Martinj  451.  Tsurikov  and 
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Veselova(46  i,  and  Khrapaty  and  Tsupnkl  26.27  Detailed  failure  descriptions  have  been 
given  in  References  22  and  27.  Other  impact  tests  have  been  performed  by  Lavrc"  :.32 
Riska!41 1.  Glen  and  Comforti  18i,  and  El-Tahan  et  ai.l  15.16  .  In  order  to  simulate  iceberg 
impacts,  a  large  mass  impacting  at  velocities  up  to  a  few  meters  per  second  is  reguired 
Because  of  the  difficulty  of  handling  a  large  mass.  Benoit  et  al.l  6i  used  hydraulic  rams  to 
simulate  drop  ball  tests  whose  final  contact  areas  were  as  large  as  3  sguare  meters 

After  reviewing  the  available  descriptions,  the  brittle  failure  of  a  blunt  object  impacting  a  large 
ice  mass  can  be  summarized  as  follows.  Upon  initial  impact,  the  virgin  unbroken  ice  at  the 
contact  becomes  pulverized.  A  set  of  concentric  conical  cracks  and  a  set  of  radial  cracks  form 
as  shown  in  Figure  2[26|.  The  pressure  of  the  pulverized  layer  spalls  out  the  surface  ice 
pieces  adjacent  to  the  indentor.  Part  of  the  pulverized  ice  layer  is  expelled.  If  the  energy  is 
sufficient,  the  penetration  continues  with  the  contact  area  becoming  larger 

Underneath  the  pulverized  ice,  the  uncracked  ice  has  a  rough  surface.  As  the  mdentor 
continues  to  penetrate,  it  makes  contact  with  the  high  poihts  on  this  surface,  pulverizing  each 
point  in  turn,  and  continues  to  expel  the  pulverized  ice.  Forces  are  required  to  pulverize  the 
high  points  as  well  as  to  expel  the  pulverized  ice.  The  typical  pressure  time  history  is  shown  in 
Figure  3  which  is  from  El-Tahan  et  al.|l6!.  Note  the  high  initial  pressure  obtained  as 
compared  to  later  pressures. 


Figure  2.  Impact  Damage  of  Ice  ‘  ^ — - - - . - - -- 

Figure  3.  Ice  Pressure  Dsnnci  Impact 

The  sudden  drop  of  pressure  indicates  brittle  failure  of  the  high  points  on  the  contact  surface 
and  a  sudden  increase  m  pressure  indicates  making  contact  with  a  high  point 

For  large  contact  areas,  typical  force  time  records  show  manv  sudden  changes  typified  by 
this  brittle  failure.  This  indicates  that  the  dominant  force  is  associated  with  brittle  fracture  of 


the  high  points  on  the  ice  surface  rather  than  the  expelling  of  the  pulverized  ice  which  should 
show  as  a  smoother  force  time  record. 
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As  a  result  of  this  failure  process,  the  average  contact  pressure  on  the  indentor  is  extremely 
high  upon  initial  contact,  fluctuates  rapidly,  and  decreases  as  the  contact  area  grows. 
Whether  the  average  pressure  continues  to  decrease  beyond  the  range  of  the  available  test 
data  IS  an  interesting  question.  The  answer  will  depend  upon  the  roughness  of  the  newly 
created  ice  surface.  Nevel[ 38 1  and  Ashby  et  al.f3]  have  previously  discussed  the  concept  of  a 
decrease  in  the  ice  strength  with  contact  area  caused  by  nonuniformity  of  contact  created  by 
the  failure  itself. 

From  the  above  discussion,  one  can  conclude  that  the  design  strength  for  iceberg  impacts 
should  be  obtained  from  tests  with  realistic  initial  velocities  and  large  contact  areas.  The  tests 
which  best  meet  these  criteria  are  those  performed  in  the  field  on  an  iceberg  by  Benoit  et 
al.j  6 1  for  an  initial  velocity  of  1 0  cm  sec  and  a  final  contact  area  of  3  m^.  but  the  test  results 
are  proprietary.  Other  impact  tests  were  performed  in  the  laboratory  on  iceberg  ice  by 
El-Tahan[15.16l.  These  tests  had  a  temperature  of  -  S  C,  an  initial  velocity  of  2  m,  sec.  a 
final  contact  area  of  about  10  cm^,  and  produced  a  strength  of  about  17  MPa.  This  high 
strength  is  probably  due  to  small  contact  areas. 

Kheisin  et  al.!  23 !  performed  drop  ball  tests  on  a  freshwater  lake  with  velocities  ranging  from 
0  6  to  4  0  m  sec  Contact  areas  were  not  reported,  but  because  steel  hemispheres  of  156 
and  300  kg  were  used,  the  contact  area  must  have  been  much  larger  than  those  of  El-Tahan. 
Kheisin  obtained  average  strengths  of  8  and  3  MPa  for  air  temperatures  of  about  -  1 0'C  and 
-  3  C  respect'vely  The  results  showed  that  the  strength  was  independent  of  the  velocity, 

Khrapaty  et  al.i  2.26,27 1  performed  tests  similar  to  Kheisin  on  sea  ice.  The  strength  depended 
upon  temperature.  By  replotting  his  data  and  fitting  a  curve  by  eye.  his  results  can  be 
expressed  as  t  -  6  5  e  ^  ^  where  <t  is  the  strength  m  MPa  and  T  is  the  temperature  in 
degrees  centigrade  At  a  temperature  of  -  IO  C.  the  strength  was  about  6  MPa.  Khrapaty 
also  found  the  strength  independent  of  velocity.  The  results  from  other  drop  ball 
testsi  39.45,46  and  impact  testsi  1 8.32.41  i  are  not  discussed  here  because  these  tests  were 
not  performed  on  iceberg  ice  and  were  of  limited  contact  area. 

The  oniaxiai  compressive  strength  of  iceberg  ice  has  been  measured  by  El-Tahan  et 
ai  15  16  anaovGammonetal ;  17  At  a  temperature  of  5  C  and  a  strain  rate  of  1 0  ’sec, 
El-Tahan  ‘ound  an  average  strength  of  7.4  MPa  while  Gammon  found  5  3  MPa,  Many 
icecerqs  along  the  coast  of  eastern  Canada  are  calved  from  Greenland  glaciers  Kovacs  et 


iff 


al.|  30  j  measured  the  uniaxial  compressive  strength  of  Greenland  glacier  ice  at  a  temperature 
of  -  25  C  and  a  strain  rate  of  about  1 0  ^  sec.  The  results  of  the  dense  ice  ranged  from  6  to 
12  MPa,  Earlier  Butkovich|7l  found  the  uniaxial  strengths  for  Greenland  ice  to  be  from  3  to 
8  MPa  at  a  temperature  of  -  5  C  and  much  slower  strain  rates.  The  relation  between  uniaxial 
compressive  strength  and  drop  ball  strengths  have  not  been  established,  but  results  seem  to 
be  of  the  same  order  of  magnitude. 

The  conclusions  made  from  these  results  are  (1 )  the  impact  strength  for  iceberg  ice  is  in  the 
range  of  6  to  1 0  MPa  and  probably  decreases  as  the  area  of  contact  becomes  larger,  (2)  the 
impact  strength  is  independent  of  speed  in  the  range  of  0.6  to  4.0  meter.sec,  and  (3)  the 
impact  strength  depends  on  the  temperature  of  the  ice.  The  in  situ  temperature  of  icebergs 
has  been  measured  by  Diemand[12)  and  can  be  as  cold  as  -  IO  C  within  one  meter  of  the 
iceberg's  surface. 

DROP  BALL  TEST 

The  drop  ball  test  will  be  analyzed  using  the  constant  strength  theory  and  the  viscous 
strength  theory.  A  comparison  will  be  made  between  these  theories  including  their  specific 
energies. 

Consider  a  rigid  sphere  of  radius  R  and  mass  M  dropped  from  a  height  H  onto  a  semi-infinite 
ice  mass  The  potential  energy  at  the  time  of  release,  MgH.  is  equal  to  the  kinetic  energy  at 
the  time  of  contact.  1  2  MVq^.  where  g  is  the  gravitation  constant  and  Vo  is  the  velocity  of  the 
sphere  at  the  beginning  of  impact.  Most  of  this  energy  will  be  expended  by  crushing  the  ice, 
and  a  small  amount  may  remain  with  the  sphere  after  impact. 

Both  Yen  et  al,[47l  and  Likhomanov  and  Kheisin[33]  have  experimentally  determined  the 
coefficient  of  restitution  of  steel  balls  dropped  on  ice.  They  show  that  the  coefficient  of 
restitution  decreases  with  increases  of  mass,  velocity,  and  temperature.  For  warm  fresh¬ 
water  ice.  a  300-kg  steel  ball  with  an  initial  velocity  of  1 .4  meters  per  second  produced  a  0. 1 0 
coefficient  of  restitution.  With  much  larger  masses,  the  coefficient  of  restitution  should 
become  very  close  to  zero.  Hence  we  will  neglect  elastic  strain  energy  of  the  ice  and  assume 
that  energy  is  expended  by  crushing  the  ice  as  given  by 

^'=J^FdZ  (1) 

where  F  is  the  force.  Z  is  the  penetration  distance,  and  Zo  is  the  final  penetration  distance. 

The  constant  impact  strength  theory  assumes  that  the  contact  pressure  is  uniform  over  the 
contact  area  and  is  constant  with  time  during  the  impact.  Figure  4  shows  a  uniform  pressure  p 


acting  over  an  area  A.  The  pressure  acting  in  an  arbitrary  direction  x  or  y  on  the  projected 
areas  are 


and 


Px 


E*  -  P  A  sin  H 
A*  ~  A  sin  H 


Pv 


^  ^  p  A  cos  H 
Ay  A  cos  B  ~  ^ 


Hence  the  pressure  on  a  projected  area  is  the  same  as  on  the  contact  area. 


(2a) 


(2b) 


Hence  the  force  F  can  be  written  as 


F  =  cr  A  (3) 

where  <r  is  the  impact  crushing  strength,  and  A  is  the  projected  contact  area.  For  a  sphere, 
this  area  equals  tt(2RZ  -  Z^)  where  R  is  the  radius  of  the  sphere.  For  small  penetrations,  we 
can  neglect  7?  and  the  area  becomes 


A  =  TT  2RZ.  (4) 

Substituting  Equations  (3)  and  (4)  into  (1),  we  integrate  and  solve  for  the  final  penetration 
distance  to  obtain 


Zo  = 


M  Vsf''  2 


Ur 


TT  2R 


(5) 


The  force  during  impact  can  be  expressed  as 


M  IZ\ 


Zo 


(6) 


and  It  reaches  its  maximum  value  at  Z  =  Zo.  The  local  pressure  p  equals  the  nominal 
pressure  q  and  is  equal  to  the  impact  crushing  strength  <t  throughout  impact.  The  dynamic 
equation  is 


M  V 


dZ 


-  F 


(7i 


where  V  is  the  instantaneous  velocity  of  the  sphere.  Substituting  Equation  (6)  into  (7)  and 
integrating,  we  obtain  the  velocity 


Expressing  V  as  a  time  derivative  of  z,  and  integrating  Eauation  (8).  we  obtain  the  time  t 


t  =  ^  arc  sin  (Z  Zo) 


The  total  impact  time  T  at  z  =  Zo  is 


T  —  ? 

2  Vo 


The  specific  energy  t-  is  defined  as  the  energy  dissipated  in  crushing  the  ice  divided  by  the 
volume  of  crushed  ice.  The  volume  of  penetration  is  tt  (R  -  Z  3)  for  the  drop  ball  test  For 
small  penetrations,  we  neglect  the  Z'3  term  to  obtain 


M  (Vq^  -  f 
2  ttR  Z^ 


Substituting  Equation  (8).  we  get 


2  7T  R  Zo^ 


which  is  constant  throughout  the  impact.  The  strength  <t  obtained  from  Equations  (3).  (4).  and 
(6)  is  also  equal  to  Equation  (12),  and  in  this  case  the  constant  strength  and  specific  energy 
are  the  same. 

VISCOUS  THEORY 

The  VISCOUS  theory  assumes  that  a  crushed  ice  layer  forms  between  the  structure  and  the 
unbroken  ice  and  that  this  layer  flows  in  a  viscous  manner.  Kheisin  et  al.j  24.31 1  developed  a 
method  for  solving  the  equations  for  this  problem  following  the  method  used  m  lubrication 
between  bearings.  This  solution  for  the  rigid  sphere  impacting  ice  will  be  rederived  and 
expressed  in  a  way  which  can  be  compared  to  constant  strength  theory 

At  any  instant  during  the  impact  of  a  rigid  sphere  on  ice,  we  assume  that  a  crushed  ice  la  y  ei  of 
thickness  h  has  developed  We  assume  that  this  layer  is  thin  when  compared  to  the  radius  of 
the  contact  area  r^  A  sketch  of  this  layer  is  shown  in  Figure  5.  At  the  interface  between  tne 
crushed  and  uncrushed  ice.  z  --  h.  we  assume  that  the  radial  velocity  u  and  the  vertical 
velocity  w  are  zero  At  the  interface  between  the  rigid  sphere  and  the  crushed  ice.  z  0  we 
assume  that  the  shear  stress  t  is  zero  and  that  the  vertical  velocity  is  the  instantaneous 
velocity  V  of  the  sphere.  At  the  perimeter  of  the  crushed  layer  r  =  r„.  we  assume  that  the 
pressure  is  zero 
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Figure  4.  Pressure  on  Contact  Area 


Figure  5.  Viscous  Ice  Strength  Model 


We  will  assume  that  the  layer  of  crushed  ice  behaves  as  an  incompressible  viscous  fluid.  In 
the  Navier-Stokes  equation  which  describes  this  fluid  motion,  we  shall  neglect  the  body 
forces  due  to  gravity  and  the  acceleration  forces.  The  forces  due  to  pressure  and  viscous  flow 
will  be  retained.  For  axial  symmetric  flow  in  cylindrical  coordinates  r  and  z.  the  Navier-Stokes 
equations  are 

r,-.2. ,  1  ,  .2,  ,1 

(13a) 
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1  /lU 
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r  (ir 
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=  R 

r  (ir 

7F 

(13b) 


where  p  is  the  pressure,  u.  is  the  viscosity,  u  and  w  are  the  velocities  m  the  r  and  z  directions, 
respectively. 

In  order  to  solve  these  equations,  we  assume  that  the  radial  velocity  is  independent  of  r,  u  - 
u(z).  and  that  the  vertical  velocity  w  is  zero  everywhere  except  at  z  ^  0  where  it  is  equal  to  V 
Equation  (13b)  becomes 


'P 

-z 


0 


;i4a) 


which  says  that  the  pressure  is  independent  of  z.  Equation  (13a)  becomes 


'P 

■r 


-rr 

.'Z‘ 


1 14b) 


The  boundary  conditions  for  this  equation  are  u  0  at  z  h  and  t  ^  i 'U  'Z  •  'W  r)  0 
at  z  0  Since  w  0.  the  last  boundary  condition  becomes  ^-u  "Z  0  Integrating  Equation 
1 14b)  with  respect  to  z  and  using  these  boundary  conditions,  we  get 


1  ..p 

2n  -r 


(15) 


We  consider  the  incompressibility  of  the  crushed  layer  by  equating  the  downward  flow  of 
material  from  the  sphere  s  movement  -r*’  V  to  the  radial  flow  iT  2-r  u  dz  to  obtain 
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h^dp  -  ^  UL  V  rdr  ,:16i 

In  order  to  solve  this  epuation.  we  must  know  the  thickness  h  of  the  crushed  ice  layer  Kheism 
assumed  that  the  pressure  p  is  proportional  to  h  by  the  equation  p  kh  where  k  is  a  constant 
Although  other  assumptions  can  be  made,  we  will  proceed  with  Kheisin  s  assumption 
because  of  its  simplicity  Then  Equation  (16)  becomes 

p-^dp  ^  ^  M.  k"*  V  r  dr  ( 1 7i 

whose  solution  is 

p  =  i3  PL  k^  V  (r,^  -  r-^)!'  •*  (18) 

where  the  boundary  condition  p  =  0  at  r  r^  has  been  used. 

Integrating  the  pressure  over  the  contact  area  and  dividing  by  the  contact  area  ~  r/^  we 
obtai  T  the  nominal  pressure  q  of 

q  =  g  [3  PL  k^  V  r^^l’  T  (19) 

Dividing  the  pressure  p  by  the  nominal  pressure  q,  we  obtain 

wnich  shows  that  the  maximum  pressure  is  at  the  center  and  is  1.25  times  the  nominal 
pressure 

The  total  contact  force  is  the  nominal  pressure  times  the  area  which  is 


F  5  TT  (3pL  k^)’  V’  ^  r„^  2 


The  eouation  of  motion  for  the  sphere  during  impact  is  the  same  as  before  and  is  given  by 

Eauation  (7i 

Using  Equation  i21 1  and  r.c  2RZ  where  Z  is  the  penetration  of  the  sphere.  Equation  i7i  can 
be  integrated  Using  the  boundary  condition  V  '  Vo  whe  n  Z  0,  we  get  the  velocity  V  during 
imoact  to  be 


where  the  final  depth  of  penetration  Zo  is 


V.  •‘.V.  J’.V. -r. 

^  t  •  ^  M*  J»  *  ^  *  ^  *  »  ^  *  _»  •  t  *  •  *  \a 


"  M"  9  V.'  ® 


28-  (3y.ky  ^  (2R)- 


Eui.ation  1 22 1  can  be  integrated  to  get  the  time  t  as  a  function  of  the  penetration  distance  Z 


The  total  impact  time  T  is 


V  =  ii  -  '^dx. 


T  =  1.6778  2<y  Vo. 


T he  specific  energy  ^  during  impact  is  given  as  before  by  Equation  (11)  and.  using  Equation 

i22,i  oecomes 


1  -  II 


izz,r 


A  here  the  specific  energy  at  final  penetration  'S  given  by  Equation  (12)  with  Zo  defined  in 

Equation  (23i 


Us  nq  Equations  i22)  and  (23).  the  force  from  Equation  (21)  becomes 

F  il  -  (ZZo)"^]’  ^ 


where  the  fmai  contact  area  Ao  ■  2tR  Zo- 


'''ne  maximium  force  occurs  at 


0  9033 


.vn-ch  corresponds  to  V.,  t  Z,,  1,12.  The  maximum  force  Fm  is 


Fm  =  Ko  Ao  0.9026. 


average  *orce  Fa  during  impact  is 


Fa  =  ^o  Ao  0.5. 


O'.'icimq  the  force  of  Eq  lation  (27)  by  the  contact  area  2-Rz.  the  nominal  pressure  q  is 


q  rr 


The  maximum  nominal  pressure  occurs  at 


1  (Z  Zo 


which  corresponds  to  Vo  t  Zo  =  0.755.  The  maximum  nominal  pressure  is 


Qm  r  o 
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JQ  =  to  1.0803. 


The  average  nominal  pressure  during  impact 's 

dm  =  to  ^  X  ^  (1  -  X)’  ^  dx 

which  when  integrated  gives  =  0.9420  to- 


(33) 


(34) 


COMPARISON  OF  THEORIES 

We  now  compare  the  constant  strength  theory  to  the  viscous  theory  for  the  rigid  sphere 
dropped  on  the  ice.  For  an  initial  velocity  Vo,  the  theories  are  compared  by  assuming  the 
same  Zq  which  is  experimentally  measured.  Equations  (5)  and  (23)  give  the  relation  between 
Zo  and  the  constant  strength  and  viscosity,  respectively.  The  initial  velocity  Vo,  final  penetra¬ 
tion  Zo.  final  contact  area  Ao  =  ZttR  Zq,  and  final  specific  energy  fo  =  MVq^/ttZR  Zo^  are 
used  to  make  the  solutions  dimensionless.  Figures  6,  7,  8,  and  9  show  the  velocity  V/Vo,  the 
force  F  ioAo.  Ihe  specific  energy  f/Ko.  and  the  average  pressure  q/Fo  as  a  function  of  the 
penetration  Z  Zo  for  the  two  theories.  Figure  10  shows  the  penetration  Z/Zo  as  a  function  of 
the  time  Vot  Zo  for  the  two  theories.  Figure  1 1  shows  the  pressure  p/q  as  a  function  of 
position  r  ro  for  the  two  theories.  Table  1  shows  a  comparison  of  key  values  for  the  two 
theories 


TABLE  1 

THEORY  COMPARISON  OF  DROP  BALL  TEST 


Constant 

Viscous 

Max.  Sp.  Energy 

^'o 

1 .026  Fo 

Maximum  Force 

o 

> 

o 

0.903  F'o  Ao 

Average  Force 

0.5  Fo  Ao 

0.5  Fo  Ao 

Time  of  Impact 

1.57  Zy  Vo 

1 .678  Zc/Vc 

Max.  Pressure  q 

fo 

1.080  Fo 

Ave.  Pressure  q 

Fo 

0.942  Fo 

Max.  Pressure  P 

a 

1.25  q 

Although  there  are  some  differences,  these  results  show  that  they  are  not  great.  Therefore,  it 
seems  reasonable  to  use  the  simpler  constant  strength  theory  rather  than  the  more  compli¬ 
cated  viscous  theory. 


Figure  8.  Specific  Energy  Versus 
Penetration 


Figure  9.  Nominal  Pressure  Versus 
Penetration 


Figure  10.  Penetration  Versus  Time  Figure  11.  Pressure  Versus  Contact  Radius 


ANALYSIS  OF  AN  ICEBERG  IMPACTING  A  STRUCTURE 

The  dynamics  of  an  iceberg  impacting  a  structure  must  be  analyzed  in  order  to  calculate  the 
interaction  force.  The  motions,  whether  rigid  or  deformable,  of  all  elements  should  be 
considered,  but  motions  that  are  small  are  usually  neglected  in  order  to  simplify  the  problem. 


The  simplist  analysis  only  considers  the  crushing  of  the  ice  and  the  linear  motion  of  the 
iceberg.  In  addition,  the  iceberg's  deformation[35),  the  iceberg  s  rotation[4,42],  the  rigid  body 
motion  of  the  structure[1 1,20,40),  the  deformation  of  the  structure[40l,  and  the  deformation 
of  the  soil[1 1,20,40)  have  been  considered.  The  water  forces  are  included  through  added 
mass  factors,  and  sometimes  through  damping  factors,  which  are  applied  to  the  iceberg  and 
structure.  For  impacts  whose  contact  surfaces  are  not  perpendicular  to  the  direction  of 
motion,  the  possibility  of  the  iceberg  sliding  along  the  surface  should  be  considered. 


The  equations  of  motion  for  each  body  are  used  along  with  the  initial  conditions  The 
boundary  conditions  at  the  contact  is  specified  in  terms  of  the  brittle  crushing  strength  and 
possible  iceberg  sliding.  The  resulting  nonlinear  equations  of  motion  are  solved  numerically 
by  time  stepping  from  the  initial  condition.  A  predictor-corrector  method)  1 )  is  recommended 
for  the  time  stepping  process.  The  resulting  interaction  force  depends  upon  the  deformations 
and  motions  which  make  the  impact  more  compliant.  Depending  upon  the  problem  being 
solved,  the  equations  can  be  simplified  by  neglecting  many  of  the  deformations  and  motions. 


The  equation  of  motion  can  be  expressed  in  the  alternate  form  of  either  impulse-momentum 
or  energy.  The  impulse-momentum  method  has  not  been  used  for  iceberg  impacts,  but  the 


energy  approach  has  been  used  m  References  8.  9.  21.  and  38  In  this  method,  the  initial 
Kinetic  energy  of  the  iceberg  is  transferred  to  various  forms  during  the  impact  For  a  fixed 
structure,  most  of  the  energy  will  go  into  the  work  of  crushing  the  ice  If  the  iceberg  hits 
eccentrically  with  respect  to  the  structure,  some  of  the  energy  may  remain  m  the  iceberg  as 
rotational  kinetic  energy. 

Both  horizontal  and  vertical  eccentric  hits  could  occur  For  icebergs  the  moment  arm  ‘or 
horizontal  eccentric  hits  will  probably  be  larger  than  those  for  vertical  eccentric  hits  Bass  et 
ai :  4 1  snow  that  the  iceberg  shape  at  the  contact  and  the  horizontal  eccentricity  influence  the 
interaction  force  significantly.  Therefore,  a  simple  approach  will  be  developed  to  estimate  the 
rotational  kinetic  energy  remaining  in  an  iceberg  that  hits  with  a  horizontal  eccentricity 


Consider  an  iceoerg  of  mass  M  and  velocity  V  hitting  a  structure  with  a  horizontal  eccentricity 
V  as  snown  m  Figure  12  The  eguations  for  planar  motion  are 


F,  -  M.  X 

(35ai 

F,  -  M,  y 

(35b) 

-  F,  X^  1  H 

(35c) 

where  M,  is  the  mass  including  the  added  mass  in  the  x  direction.  is  the  mass  including  the 
added  mass  m  the  y  direction,  I  is  the  polar  moment  of  inertia  including  the  added  inertia 
about  the  center  of  gravity  of  the  iceberg,  and  '  denotes  the  derivative  with  respect  to  time 
Substituting  Eauations  (35a)  and  i35b)  into  (35c).  we  obtain 


M.  xy,  M,  y  x  ,  --  I  h 


(36) 


'np  initial  conoitions  at  time  t  equal  zero  are  X  -  V.y^  0.  and  h  0,  We  assume  that  x,,  and 
V  are  constant  for  small  rotation  and  integrate  Equation  (36)  to  obtain 

M.(x  v)y.  M.y  x,-.  ^  I  n  (37) 


e  assume  that  the  iceberg  rotates  through  a  small  angle around  the  hit  point  and  therefore 

x  "  y  (38a! 

y  "  x„.  1 38b  I 

Substituting  Equation  (38)  into  Equation  (37)  and  solving  for  n,  we  obtain 


M 


M,  Vy,, 

I  -  M,  y,,^  *  M,,.  x„^ 


i39l 


The  rotational  kinetic  energy  E.  of  the  berg  is 
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'J  ■  W  ■  V  ■  V  ■  y  ■  V  *  V  - 


V-  H  -  Jl  -  W.^  ■  -  «.■  ■.' 


E.  I  M.  (x)2  ^  J  M,  (y)^  ^  ^  1  (h)2. 


(40) 


;^t  'iq  Eouations  (38)  and  (39)  into  Equation  (40).  we  obtain  the  kinetic  energy  of  the 

'.:ecerq  as 


_ (M^y  yj^ _ 

2  ( I  *  M.  yo^  My  Xo^)  • 


(41' 


Ae  assume  that  M,  -  M,.  then  Equation  (41)  can  be  expressed  as 


E. 


M,  V"  I  _(yo  oyj 

'T  M  -Tr.rrf] 


/-here  r:  I  M,  and  r*-’  ■  x,|  -  y^. 


(42) 


?  AC'K  cof^e  on  the  structure  in  crushing  and  sliding  the  iceberg  is 

JF  ds  -  JT  dt  (43) 

.‘.'"ere  F  anc  are  the  normal  and  tangential  forces  to  the  structure,  and  ds  and  dt  are  the 
normal  and  tangential  incremental  displacements.  We  assume  that  the  slippage  displace- 
me'^t  dt  tan3  ds  where  8  is  the  structure  angle  as  defined  in  Figure  1 2.  and  the  tangential 
‘orce  T  liN  where  ^  is  the  coefficient  of  friction.  Using  F  =  (tA.  Equation  (43)  becomes 

(1  -  |j.tan8)  (r  Vol  (44) 

.vnem-  Vo!  is  the  volume  of  crushed  ice. 


EqL,ating  the  initial  kinetic  energy  of  the  iceberg  to  the  work  done  on  the  structure  and  the 
rc-mai''.  "q  rotational  energy,  we  have 


M.  V'-  I  (y^  r)^  \ 

2  ^  ‘■  2^  (l  -  (r,  D'n 


(1  *  M.tan8)  ir  Vol. 


(45) 


Eo,jation  (45)  is  solved  for  the  volume  of  crushed  ice.  Depending  upon  the  local  shape  of  the 
structure  and  iceberg  at  the  contact  point,  the  penetration  distance  x  and  contact  area  A  can 
oe  found  The  local  shape  can  significantly  influence  the  final  contact  area  A  and,  hence,  the 
■orce  Tfie  force  is  tnen  determined  from  F  irA, 


For  an  iceberg  of  spherical  shape.  r,j.  r*"  2  5.  and  with  the  maximum  eccentricity  of  yo  =  r, 

me  energy  remaining  with  the  iceberg  is  71  percent  of  the  original  energy. 
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STATISTICAL  ANALYSIS 


The  p'pact  'Qfce  o'  an  .ceberc;  aijaiost  a  structure  can  be  calculated  ‘rom  Equation  (45)  or 
bom  otoer  eo^jations  nenved  frcni  ;ne  pie'nocs  oi.-tiinec-  The  engineer  must  choose  the 
Daramelers  reauirea  for  design  For  Fn>.at.'on  iJS'.  these  parameters  are  the  iceberg  s  mass, 
moment  of  mertia  initial  velocitv.  er(:en'';r  ty  strength  and  local  contact  geometry  of  the 
structure  and  the  iceberg.  The  nra*;  of  the  meberg  is  also  important  since  it  will  limit  the  size  of 
icebergs  that  occur  'n  shallow  water.  The  ebect  of  the  force  on  the  structure  must  be 
evaluated  globally  for  shding  overturning,  and  torsion,  and  locally  for  wall  thickness  ana 
framing.  Each  of  the  iceberg  parameteis  has  a  wide  range  of  values.  If  the  engineer  selects 
the  extreme  ^or  each  parameter,  the  calculated  force  will  be  overly  conservative.  A  rational 
approach  is  to  define  tne  prooabiiity  of  exceeaance  *or  each  parameter.  Then  the  probability 
of  exceedance  for  the  force  can  be  calculated  using  these  input  exceedance  distributions. 
The  miethod  used  for  this  caiculation  is  numerical.  For  each  input  distribution,  a  random 
numiber  between  0  ana  1  is  generated  This  means  that  any  number  between  0  and  1  has  an 
ecua'  chance  of  bemg  chosen  This  number  is  set  equal  to  the  probability  of  exceedance,  and 
t‘~e  input  oarameter  is  determined.  Tpis  is  a  valid  procedure  because  the  probability  of 
exr.'eedance  curves  are  usually  develooed  with  data  that  are  assigned  equal  probabilities. 


Abe'  (loosing  a  set  of  .no..:  p.arame!ers.  a  force  can  be  calculated.  The  process  of  randomly 
selecting  inout  parameters  is  repeated  many  times,  and  a  force  is  calculated  fdr  each  set  of 
mbut  narameters.  F'om  these  forces  a  proDab'iity  of  exceedance  curve  is  constructed.  An 
exancle  o‘  a  ‘orce  exceedance  cume  fo''  a  smgie  impact  is  given  in  Figure  t3|38]. 


* 


Figure  12.  Horizontal  Eccentnr,  Hit 
Geometry 


Figure  13.  Probability  of  Exceedance 
Versus  Force 


This  numerical  method  is  called  Monte  Carlo  distribution  sampling.  It  has  been  assumeo  that 
the  incut  parameter  distributions  are  independent  of  each  other  A  modification  of  this 
procedure  should  be  used  when  the  input  distributions  are  correlated  There  is  very  little  data 
on  iceberg  mass  and  velocity  in  the  literature.  There  is  no  data  on  moment  of  inertia  and  local 
geometry.  Benedict  and  Lewisj  5 1  state  that  the  gamma  distribution  is  valio  for  iceberg  drafts 
but  no  data  is  given.  It  is  known  that  the  oil  companies  who  operate  offshore  along  eastern 
Canada  have  been  collecting  data  to  calculate  the  iceberg  impact  force  statistically,  but  their 
data  IS  proprietary. 


DESIGN  CRITERIA 


Having  established  the  probability  of  exceeding  the  force  for  an  iceberg  impacting  an 
offshore  structure,  we  must  now  choose  a  reasonable  design  criteria.  Traditionally,  design 
criteria  have  been  selected  based  upon  a  return  period  The  return  period  is  defined  as  the 
expected  time  between  obtaining  or  exceeding  the  design  level.  It  is  equal  to  the  expected 
number  of  events  to  obtain  the  first  exceedance  multiplied  by  the  expected  time  interval 


between  events. 


The  probability  that  the  first  exceedance  of  the  design  level  occurs  on  the  first,  second,  third 


or  nth  event  is 


for  n  ^  1 .  p 


for  n  =  2.  p  (1  -p) 


for  n  =  3.  p  (1  -  p)" 


for  n  =  n,  p  (1  -  p)'' 


The  expected  or  average  number  of  events  that  will  occur  before  the  first  exceedance  is 


n  p  (1  -p)" 


Hence  the  return  period  RP  is 


R  P  =  A 
P 


where  AT  is  the  expected  time  between  events. 


A  number  of  referencesf  14. 19,36,37.44]  have  considered  the  frequency  of  occurrence  of 
icebergs.  In  many  cases,  data  from  the  International  Ice  Patrol  are  used.  From  this  data  the 


.■average  number  of  iceberg  hits  per  year  or  its  reciprocal,  the  average  time  interval  between 


h.'ts  must  be  estimated  m  order  to  calculate  the  return  period 


ne  orobability  of  obtaining  n  hits  in  time  t  can  be  estimated  from  Poisson  s  distribution  by 


p  (n  \t) 


(At)'  e 
n' 


(49) 


where  A  IS  the  average  rate  of  hits.  Although  the  probability  of  receiving  n  hits  in  a  given  time  is 
interesting,  more  important  is  the  probability  of  exceeding  the  force  in  a  given  time.  This  is 

given  by 


p(F  -FoAt)  -  1  -  (1 -pr'  (50) 

where  p  is  the  probability  of  exceeding  the  force  Fq  for  a  single  hit. 

T ne  selection  of  the  return  period  has  been  traditionally  accepted  as  a  design  criteria  in  many 
‘  e’cs  The  specific  value  has  been  arbitrary  and  in  some  cases  adjusted  with  experience.  In 
or  ncipie.  It  should  be  some  multiple  of  the  expected  life  of  the  structure.  An  alternate  design 
criteria  to  the  return  period  is  Equation  (50),  the  probability  of  exceeding  the  force  in  a  given 
'■me  period.  Some  structural  engineers  are  uncomfortable  with  a  design  force  that  is  not 
'elated  to  a  specific  event.  Dunwoodyl  13|  discusses  design  events  obtained  from  a  return 
oenod  ^orce. 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  reason  for  the  size  effect  on  impact  ice  strength  is  understood  from  laboratory  and  field 
tests  but  reliable  strength  values  are  not  available  in  the  open  literature.  The  drop  ball  test 
was  analyzed  using  both  the  constant  strength  and  the  viscous  theory,  and  the  comparison 
■i)nowed  little  difference.  The  energy  remaining  in  the  iceberg  due  to  its  rotation  can  be 
calculated  without  time  stepping  the  dynamic  equations  of  motion.  The  analytical  method  for 
calculating  the  ice  impact  force,  including  its  statistical  treatment,  is  known.  The  required 
statistical  iceberg  data  of  impact  velocity,  mass,  moment  of  inertia,  strength,  shape  at 
contact,  and  expected  time  between  Impacts  are  not  available  in  the  open  literature  In  order 
:o  reliably  predict  impact  forces,  it  is  recommended  that  the  following  statistical  data  for 
icebergs  be  collected  for  the  location  desired:  mass,  moment  of  inertia,  draft,  velocity,  local 
geometry,  strength,  and  frequency  of  occurrence. 
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